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Abstract 
Additive Manufacturing (AM) is an alternative manufacturing process, which has gained 
popularity and interest over the manufacturing industry for its benefits. Among the different AM 
processes, Selective Laser Melting (SLM) is one of the most promising ones since it enables 
the production of complex metallic parts from loose powder. Parts are produced adding 
material layer by layer with a high-powered laser that melts the powder bed. Thanks to this, 
optimal designs and light-weight components can be manufactured. Aluminum alloys have 
exceptional strength and stiffness in relation with its density, when compared with other 
materials. That is the main reason why it is a perfect candidate for this type of process, and 
nowadays it is extensively used for aerospace and automotive industry. 
Although these several advantages that SLM provides, parts manufactured with this process 
usually present porosity. Porosity is caused when non-appropriate parameters are used within 
the buildup process. Elevated levels of porosity lead to a decrease on the relative density value 
of the SLM pieces, being the cause of poor mechanical properties or even the fracture of it. 
The ability of producing complex parts is not enough, it must be complemented with high 
performance and high mechanical properties. Therefore, the relative density of SLM parts must 
be studied and enhanced to the highest possible value. 
In this project, relative density of AlSi10Mg samples produced with a SLM 280 will be studied. 
Relative density will be measured by changing the main process parameters used within the 
buildup process. The goal is to have a better understanding of the behavior of the relative 
density against those variations, and to find those parameters that achieve the highest value. 
With the best parameters obtained, tensile specimens will be produced and pulled to get values 
of the mechanical properties. 
This research should also serve as a guideline for future investigation of the same nature. The 
part performance is highly influenced by external uncontrollable factors such as the machine 
used, the powder and the environment of the chamber. That is the reason why it is so important 
to have a defined guideline with all the steps to be followed. Another reason to have a well-
defined guideline is the fact that new materials are continuously being added to the SLM 
process. Therefore, even though the material properties are different, the process to achieve 
high relative density values should be similar. 
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1. Glossary 
AM Additive Manufacturing 
SLM Selective Laser Melting 
CNC Computed Numerical Control 
FDM Fused Deposition Modeling 
SLS Selective Laser Sintering 
SLA Stereolithography 
PS ProtoShape GmbH 
LED Linear Energy Density 
SED Surface Energy Density 
VED Volume Energy Density 
CTE Coefficient of Thermal Expansion 
BFH Berner Fachhochschule 
BJ Build Job 
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2. Introduction 
Additive Manufacturing (AM) has been growing widely in the lasts years and has become the 
focus for lot of different industries. Among all AM procedures, Selective Laser Melting (SLM), 
is one of the most promising ones allowing to manufacture metallic parts from loose powder. 
By completely melting the metallic powder the particles attach together and produce a sheet 
of molten powder that layer by layer will form the part.  
This manufacturing method is best suited to produce complex and thin walled components. Its 
characteristics are really interesting for some industries, since 3D printings gives more freedom 
of design and the opportunity to create optimal and lightweight components. Also, the SLM 
process and most of the 3D printing processes have a common characteristic of being eco-
friendly, if compared with conventional machining. Not only the reduction of waste, but also a 
cleaner and more efficient process makes SLM an interesting technology to invest in and 
conduct research on. With these many benefits and great forecasts for this manufacturing 
process, it seems clear that the properties of SLM parts must be further studied to know the 
strengths and the limits of this promising technology. 
2.1. Aim  
There are several parameters and aspects involved in the SLM process that can lead to a poor 
performance of the part. Some of them can be programmed and are called the processing 
parameters. The aim of this research is to study the most important process parameters and 
see the relative density’s behavior against the variation of those. By having a better 
understanding of how the process works, a better parameter set can be obtained and high 
relative density values can be achieved. The goal is to obtain the highest relative density value 
possible, since it has a direct influence on the mechanical properties. Once the best relative 
density is obtained, the mechanical properties will be also studied to see if SLM properties can 
be compared with cast ones.  
This research is focused on an aluminum alloy since it is one of the most used materials for 
the SLM process and very promising for different applications due to its benefits. Another 
objective is to develop an effective methodology to see the behavior of the different outcomes 
and specify the steps to reach the best results. The goal is to be able to extrapolate this 
methodology for all kind of materials. Since, the range of materials able to produce with SLM 
is increasing, an efficient methodology and a defined structure on how to proceed have to be 
developed in order to use it in the future with other types of materials.  
Pag. 6  Memory 
 
2.2. Scope 
As will be further explained in this research, a large range of parameters take part in the SLM 
process. Studying all of them would be an impossible task, that is the reason why only the 
most reliable ones will be taken into account. Since aluminum is one of the most popular 
material to produce SLM parts, those parameters will be tested with it. By the variation of those 
parameter values, their influence on the relative density of the samples produced will be 
studied to try to increase its value. Also, mechanical properties will be tested to see how far 
the SLM properties are from the cast ones. This research will be done with the help of Berner 
Fachhochschule (Bern University of Applied Science), who allow the use of their equipment to 
realize the necessary tests. 
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3. Additive Manufacturing 
Most manufacturing industries have been used to produce a numerous amount of the same 
part in order to reduce production costs. The more pieces per batch means the lower 
preparation costs per part, therefore the main process for manufacturing was focused on one 
specific type of components. By doing this, lower manufacturing costs could be gained for all 
those parts, but on the other hand, trying to manufacture another piece could be a real problem 
or even impossible to do so. That’s why designers had the challenge to develop a single piece 
that fulfills its purpose, but at the same time it had to fit within the manufacturing process, what 
most people better known as “design to manufacture”. In this way, the complexity of the part 
is extremely limited by the manufacturing process. 
This need for manufacturing more complex components has ended up in the necessity to find 
an alternative manufacturing process that allows these parts to be produced. In these 
situations, where conventional manufacturing is effectiveness, Additive Manufacturing(AM) fits 
perfectly. AM, also been called Rapid Prototyping or 3D printing, is an alternative process of 
manufacturing parts. While most of the conventional manufacturing processes, such as 
Computerized Numerical Control (CNC), are based on subtraction of material to reach the 
desired geometry, AM creates the desired geometry by adding material to the main piece. 
Figure 3.1 shows a picture of a CNC machine during the manufacturing process. As it can be 
seen in the figure 3.1, with raw material, which usually is a cylinder or a rectangle piece, and 
removing unneeded material from it, the being-made piece gets the desired shape. 
 
There are several types of AM that can be used depending on the material to be processed, 
the technology used, the affordable expenses, within other issues. Despite the differences in 
each process, all of them have the same main concept of manufacturing the part layer by layer 
Fig. 3.1. Picture of CNC process [1] 
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from a digital file in 3D. This means that the piece is produced by the superposition of a fine 
2D sheet in every layer, and so on the part is formed in 3D till is finished. This type of technology 
allows complex parts to be produced easily, faster and even to create parts that could not be 
produced using other manufacturing processes. Figure 3.2 shows the main AM process are 
shown and explained briefly:  
AM Process Explanation Picture 
Fused Deposition  
Modeling (FDM) 
A thermoplastic filament is heated 
up and extruded by a small nozzle 
that deposits it over the layer in XY. 
The table, or bed, lowers down one 
layer providing the Z shift. 
 
Selective Laser 
Sintering (SLS) 
A laser selectively sinter the powder 
of the desired material, binding it 
together. In this case, the whole 
table is filled with powder, the laser 
sinters the powder and then the 
table comes down and a new layer 
of powder is applied. There are 
many materials depending on the 
power of the laser, but the most 
common are nylon, ceramics and 
aluminum. 
 
Selective Laser 
Melting (SLM) 
The process is the same as in SLS, 
but in this case the powder is fully 
melted instead of sintered. So, the 
material must be weldable and that's 
why it is used for metallic parts 
made of aluminum, steel, titanium, 
within other materials. 
 
Stereolithography 
(SLA) 
A UV-Laser hits the surface of a 
photosensitive resin pool so, it 
hardens and becomes solid. Once 
the layer is done, the platform 
scrolls up and the next layer is 
produced. 
 
Fig. 3.2. Explanation and example of the main 3D printing technologies available in the market 
[2][3][4] 
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Now that the main technologies are exposed, how does these new processes influence on the 
market? AM changes the rules of the manufacturing industry. Among all its benefits, some of 
the most important are the following: 
1. Tooling: in conventional manufacturing, lots of tools and special equipment is required 
when producing each piece. When using 3D printing, there is no need of such 
requirements, all what is needed is the printer and the material to be used. 
2. Time to market: if compared with others manufacturing process, AM is a lot faster. 
Traditional manufacturing needs equipment and tooling before the main manufacturing 
can be started. In the other hand, whenever the printer is available, the process can 
be started as soon as the file is ready and the part will be finished sooner. Being faster 
leads to detect problems, failures or mistakes quicker, saving time and money for the 
manufacturing company.  
3. Creativity: since this new manufacturing process allows to produce larger range of 
different geometries, designers can let their creativity loosed and focus on the purpose 
of the part, better known as “design to performance”. Figure 3.3 shows some complex 
parts with different geometries produced with 3D printing. 
 
 
 
 
 
 
 
 
 
 
 
4. Customization: as explained before, conventional processes normally are focused on 
one design and most of the parts share a main geometry. Even small changes in the 
parts might lead to high expenses for the company. However, with 3D printing, parts 
may be personalized and customized at will. 
5. Reduction of used material: since more complex geometries can be manufactured, 
this means that a part more focused on its purpose can be developed. This ends up in 
a reduction of the waste material, therefore, a reduction of the expenses too. 
6. No need of spare parts: companies need a large storage of spare parts in order to 
Fig. 3.3. Parts produced by SLM process [4] 
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replace them in case of malfunctioning or brake. Using AM system, if any component 
gets damaged or broken, it can be produced really fast only with the file of the desired 
part. 
With all these advantages and highly appreciable strengths, people might think that 
conventional manufacturing will soon be no more in use. Perhaps, in near future, it evolves so 
quickly that conventional systems become obsolete, but in the present day, both technologies 
are compatible and, despite they might be competitors in some cases, usually they can coexist 
and cooperate. 
The best manufacturing process to be used when producing a specific part depends on lots of 
different characteristics of it. 3D printing provides numerous benefits over other manufacturing 
processes, that are advantageous for some type of parts. Those ones are: complexity, reduced 
production time and small batches. All these strength fit within different industrial sectors such 
as medical, aerospace, robotics and prototyping industries; main reason why those are the 
key customers of AM and 3D printing. Figure 3.4 shows some of these applications. But even 
though some processes fit better than other ones, it’s up to the customer to decide which one 
to be used in each situation.  
 
 
 
 
  
Fig. 3.4. Ni based alloy turbine on the left, Ti implant for medical application on the right, both 3D 
printed [4] 
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4. ProtoShape GmbH 
ProtoShape GmbH (PS) is a Start Up Company located in Biel, Switzerland. With a very close 
relationship with SLM Solutions, machine manufacturer company, both work together to offer 
different services to the customers and assure, this way, the best quality for them. Among 
some services like machine sales, AM crash course, professional advice, etc., PS is mainly 
focused in manufacturing high quality SLM parts. A width range of material are produced by 
PS facilities: stainless steel, cooper, titanium, etc., but the most common ones are aluminum 
and nickel based alloys. Moreover, PS’s ambition of improvement push it to try other types of 
new powder materials and be part of different project at the same time. Since AM is a relatively 
modern technology, new materials are tested to see they behavior against SLM processes. 
Figure 4.1 shows an example of the process that ProtoShape carries out: 
 
 
 
 
 
 
 
 
 
 
 
 
 
ProtoShape has a close relationship with customers for better understanding of their needs 
and improvement of the part’s quality. This point is really important since client and supplier 
work together to achieve the best performance, in order for both to be satisfied with the parts 
and the work done in cooperation. Not all customers know or understands which are SLM’s 
Design 
Preparation 
SLM build-up 
Postmachining 
Fig. 4.1. Processes offered for ProtoShape GmbH 
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strengths and limits; that’s why this close relationship allows to prepare a better manufacturing 
strategy by guiding each other. Usually, after the part has been printed it must be post 
processed with different procedures, depending on the customer’s needs and specifications. 
The most common post process is sandblast the part giving it a more homogeneously and 
shinier surface. Fig 4.2 shows the flow process to manufacture a part, from the purchasing till 
the delivery of the piece. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As it has been explained in the previous pages, one of main daily goals PS has, is the 
continuous improvement of quality when manufacturing different parts. This is quite a hard 
goal to achieve, so often, different materials are tested within the production line to try to reach 
the desired quality. This is possible with the help of Berner Fachhochschule (Bern University 
of applied science), which allows PS to use their facilities to carry out the tests. Furthermore, 
their long experience in testing new materials is really helpful to guide PS and help understand 
the behavior of those ones. 
Customer receives the part. 
Preprocessing 
Arrange the layout of parts on the platform and create the 
slm file for the machine. 
Production 
SLM process, the main process to obtain the part. 
Postprocessing 
Heat treatment, machining and other processes that might 
be needed for the best quality of the manufactured part. 
Expedition 
Once the part is finished, it is delivered to the customer. 
Customer sends the part file and the data 
needed. 
Fig. 4.2. Flow chart of the process for manufacture the parts 
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5. SLM process 
As explained before, Selective Laser Melting (SLM) is an Additive Manufacturing (AM) process 
used to produce parts by selectively melting the powder layer by layer with a laser beam. This 
laser beam has enough power to heat up the desired area and melt the metallic powder. The 
materials used are metal powder, among others, the most used ones are aluminum, titanium, 
cobalt and nickel based alloys. As the other 3D technologies, the main advantage of this 
technology is allowing to manufacture complex parts that would be really challenging or 
impossible to produce using other conventional processes. That is the main reason why 
Aerospace Industry is one of the most interested in this technology, as its parts are often 
complex and weight is an important issue that has to be taken into account. Besides, SLM has 
a direct impact on medical or prototyping applications since most of the parts are customized 
and small batches are needed. Figure 5.1 shows a part manufactured by SLM. 
 
5.1. Preprocessing 
Before starting the machine and the SLM buildup, there are some steps to be done before, 
such as create the data file that the machine will use for the production process (slm file). The 
most common file format for all 3D printing technologies is stl. This file represents the part by 
a set of triangles that define the boundaries of the model, no surface roughness, color or any 
other type of characteristic is within the file. The more triangles for define the part, the better 
Fig. 5.1. Example of SLM part, it can't be 
manufactured with other process due to its 
complex geometry [4] 
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resolution it has, but at the same time more difficulties to work with this file. Therefore, the less 
triangles, the better for create the slm file, however it must still have enough of them to ensure 
the part’s resolution and quality; see figure 5.2. 
With the stl file, a software is used to slice this model in 2D layers, between 20 and 100 
micrometers high. Note that each of these slices will be every one of the layers for the build 
job once the file is finished. There are several programs to be used for the slicing process and 
choosing the parameters set, but in this case the software used was Materialise Magics 2017. 
While the program makes the slices, it must be selected all the parameters for the building that 
will be used such as distances, power, etc. Those parameters will be further explained in the 
following sections. This is also an important step in the process because, despites the SLM 
process is the same for most machines, different software have different sets of parameters. 
So, it depends on the user’s decision to choose the parameters to be used during all the 
buildup process. Figure 5.3 shows a slice of one part where the different surface and 
parameters can be seen. Once the slm file is created, it can be loaded to the machine and 
start the buildup process. 
 
 
 
 
 
 
 
Fig. 5.2. From left to right, the same part with less number of triangles, so, less resolution [4] 
Fig. 5.3. Slice of a part where it can be seen the scanning strategy. In the increased picture laser's 
tracks can be seen 
Each line refers to one laser track, been the circles 
the starting point and the arrow the end. 
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5.2. Buildup process 
Before explaining the parameters that will be studied, it’s important to understand how the 
buildup process works for better understand of how these parameters can influence the parts’ 
performance. Once the file is loaded on the machine and the process it gets started, the 
recoater fills the layer with powder of the desired material. Then the laser beam, when reflected 
with mirrors, hits the desired area and melts the powder within it, which solidifies. Once the 
laser has finished, the platform will go down and the recoater will fill another layer and so on, 
till the part is completely built. Figure 5.4 and 5.5 show two diagrams explaining the SLM 
process mentioned above.  
 
 
 
 
 
 
 
 
 
The coater fill the 
layer with powder  
The laser beam melt 
the desired powder  
The process goes on till the part is finished  
Fig. 5.4. Main steps of SLM process 
Fig. 5.5. SLM process diagram, where the layout of the chamber can be seen [5] 
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As it can be seen in the figure 5.5, during the buildup process, there is a constant gas flow in 
the chamber to ensure that the oxygen levels are below the critical value, normally 0,05%. This 
gas flow, usually of argon or nitrogen, ensures that there is no oxygen so it can’t react with the 
metal powder and cause defects on the part. Note that there is always spread powder that will 
not be used. This means it will be needed more amount of powder for the build job than the 
powder needed to fill the buildup volume. The Figure 5.6 shows a real chamber to see how it 
really looks like. 
 
 
  
 
 
 
 
 
The process is quite simple, as explained before, by the addition of 2D layers the 3D part is 
produced. Once the part is finished, the platform is removed. In figure 5.7 a picture of a finished 
build job can be seen, no post processing has been applied to it, even the supports are still on 
the platform. Even though the process looks simple, the real challenge is to find out the correct 
parameters that will be more suitable for the part’s performance. To reach the quality shown 
in figure 5.7, several tests were made. In the following sections, these parameters will be 
further explained in detail as well as their effects on the part’s quality. 
 
 
 
 
 
Fig. 5.6. Picture of a real machines work chamber; red line indicates the laser’s 
travel and green ones show the direction of the gas flow [6] 
Fig. 5.7. Build job as printed, no post 
processing has been applied [4] 
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5.3. Parameters 
There are a multitude of parameters that have a direct influence on the buildup process and, 
at the end, over the parts’ quality. Some of them are inherent to the material chosen like 
thermal conductivity, specific weight, melting temperature, within others. It’s clear that all of 
them will have a direct impact on the build job, but there is no possible way to modify them, 
therefore they are unalterable. They must be taken into account while developing the buildup 
strategy, but since there is no way to change them, the user must manage it to have the best 
part’s performance as possible by modifying the rest of parameters; see figure 5.8. Note that 
when talking about increasing the parts’ quality or performance, these terms always refer to 
relative density. The aim of this research is to enhance its value of aluminum parts by studying 
its behavior when the process parameters are changed. The main parameters to be tested are 
explained in the following points. 
 
 
 
 
 
 
 
 
 
5.3.1. Layer height (h) 
As explained before, AM produces 3D parts by adding 2D slices layer by layer, so at some 
point of the process, the distance between each layer must be selected. This distance between 
layers is called layer height or layer thickness and values must be from 0,02mm to 0,1mm. 
The higher this value is, the faster will be the build job, since less layers will be needed for the 
same height. Also, it can be seen with the build rate coefficient, used to compare processes 
productivity. This coefficient shows the volume of material produced per hour, normally 
expressed in cm3/h. This is calculated by the product of layer height(h), hatching distance(t) 
and scanning speed(v), these last two parameters will be explained in the following sections: 
Parameters that affect the build job 
Thermal conductivity 
Specific weight 
Melt temperature 
Layer height 
Hatching distance 
Scanning speed 
Process parameter Unalterable parameter 
Fig. 5.8. Example of process parameters that can be programmed and unalterable 
parameters 
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𝐵 = ℎ · 𝑡 · 𝑣 
Equation 1 
As just seen, layer height is directly proportional to the build rate, so the higher its value, the 
more productive the process will be. Indeed, even if it is not reflected in the build rate, the 
number of layers have a bigger impact in the process time, since the recoater’s time is not 
taken into account. The recoater takes between 5 and 8 seconds to fill the platform. If these 
few seconds are multiplied by the number of layers, normally more than 2.000, the recoating 
timeframe might be more than 2 hours. 
But, at the same time, the higher this value is, the lower the resolution of the part will be. Figure 
5.9 shows the effect of layer height over the part’s resolution. Also, if this distance is too large, 
it can lead in a poor attachment between layers and the braking of the part. For all this, the 
layer height must be the highest as possible, but shorter enough to ensure the attachment 
between layers and avoid possible breaks. 
5.3.2. Hatching distance (t) 
In order for the powder to be melted, the laser beam runs through the desired area by making 
straight tracks as can be seen in the slice picture on figure 5.3. The distance between two 
adjacent tracks of the laser beam is called hatching distance or track distance. This distance 
is measured in mm and can take values from 0,05 to 0,25mm. When the laser beam hits the 
powder bed, a specific area absorbs this energy and melts. This area can be idealized by a 
circle, with surface depending on the beam diameter. Figure 5.9 shows a diagram where layer 
height and hatching distance can be seen. 
 
Fig. 5.9. Left part has a higher layer height and will be faster to print as there are less layers to produce, 
but the resolution of the right one will be better [7] 
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Note that the hatching distance referes to the distance between centers of adjacents laser 
beam’s tracks. As well as the layer height, the higher the hatching distance is, the higher build 
rate will be and more productivity can be reached. But as can be seen in the figure 5.11, if the 
tracks are too far from each other, the powder between them would not melt properly. 
Moreover, altough the laser beam melt circles, usually the outer zone has less energy than the 
center. This means that these zones are not properly melted, so the tracks have to be closer 
to each other. This causes an overlap of the tracks and some powder is stroke by two different 
laser’s tracks. Like it also happens with the layer height, the goal is to have the highest hatching 
distance to have more productivity, but at the same time it has to ensure a properly melting of 
the powder. 
 
 
 
 
 
 
Hatching distance 
Overlap 
Fig. 5.11. Hatching distance has an important impact in the part's quality as in the build rate 
Fig. 5.10. Scheme of SLM process [4] 
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5.3.3. Scanning speed (v) 
The scanning speed or just speed, shown in figure 5.12, is the velocity at which the laser beam 
moves measured in mm/s. As told before, the result of its value times the hatching distance 
and layer height it’s known as build rate. It’s important to try to increase its value to gain the 
highest productivity as possible. But always considering that if the speed of the laser beam is 
too high, it means that it will remain less time in the same spot. This will lead to a decrease of 
the transferred energy to the powder bed and this might cause a poor melting and the 
appearance of imperfections like pores. On the other hand, the lower it is, the more time the 
laser will remain in the same point and it can end up with too much energy that will evaporate 
the powder and cause pores as well. For these reasons the scanning speed must be chosen 
very carefully. As it will be explained in the next point, speed and power have a very close 
relationship and usually, variations done over one of them causes variations over the other as 
well. That’s why the speed range can vary depending on the power used, material printed, 
etc., it can take values from 300 to 2.500 mm/s. 
 
5.3.4. Laser power (P) 
The power of the laser beam, expressed in W, is the main energy source for powder melting. 
The higher this value is, the more energy it will be transferred to the powder and higher 
temperature will be reached. Depending on the material to be printed more power will be 
needed in order to melt all the powder. If there is not enough power, the powder won’t melt 
properly and the part will have some pores, causing its relative density to be lower. On the 
other hand, if there is too much power it can evaporate the powder and produce imperfections 
as well. Usually, the SLM machines are installed with laser whose maximum power may reach 
200-1.000W. 
In order to choose the right value for power, as told before, at least the scanning speed value 
Fig. 5.12. Diagram of SLM process, where it can be seen how the 
laser is melting the powder bed [4] 
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has to be known. The power indicates the amount of energy transferred per second, and the 
speed directly affect the time spent in a same area. So, both values will define the amount of 
energy transferred in this area. Besides, as explained before, the energy must be chosen very 
carefully, too much energy or too less than needed will lead to the appearance of pores. So, if 
one tries to plot the relative density in axis Y and scanning speed in axis X, for different powers 
values, the result will be a curve with a peak with a maximum relative density value, as can be 
seen in figure 5.13.  
 
Fig. 5.13. Expected relative density curves for different values of power and scanning speed 
Note that these curves are approximations, not in real scale nor shape, but a close result is 
expected. The goal in each one is to achieve the peak and work with a process parameters 
close to this zone. As can be seen, for lower power values the curve is expected to be thinner 
than for higher power values. Indeed, as power is increased, the peak should be situated in a 
higher scanning speed.  
5.3.5. LED, SED and VED  
The parameters explained before are those ones that are settled while creating the build job 
and their values are introduced in the parameters set of the program. There are other important 
parameters to consider that can’t be fixed with when programing the build job. Those 
parameters can be calculated from the ones explained above. For this reason, they should be 
calculated before introducing the other parameters just explained. These parameters are 
exposed as follow, figure 5.14 shows a graph for better understanding of those parameters: 
• Linear Energy Density (LED): it can be understood as the amount of energy 
transferred linearly to the powder bed. It’s the result of dividing power by the scanning 
speed. The obtained result is expressed in J/mm.  
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• Surface Energy Density (SED): it’s the result of dividing LED by the hatching distance 
and it’s measured in J/mm2. It consists in the energy transmitted for the laser beam to 
the specific surface it’s being stroke.  
• Volume Energy Density (VED): it’s the energy that the laser beam transfers to the 
working volume. Its value is calculated by dividing the SED by the layer height and it’s 
measured in J/mm3.   
Despites these parameters are only approximations, because there are lot more aspects that 
affect the real energy transferred to the powder bed, their values are used as reference to 
decide the build job’s strategy. All three are used while calculating the parameters set values, 
but VED is the most important one as it shows the amount of energy absorbed per mm3. So, 
the amount of VED needed for melting the powder will depend mostly of the material’s 
properties like melting temperature, specific heat capacity or thermal conductivity. Even for 
different materials, if these properties are similar, it’s expected to need the same VED. That’s 
why this value is so important and it’s used as a starting point to reach the best quality of the 
process. 
5.3.6. Intensity (I) 
The last parameter to study is the intensity of the laser beam. In the previous explanations, the 
laser is idealized as a perfect circle that strikes the powder bed to heat it up. This circle has a 
radius, therefore, an area that also influence the amount of powder heated by the laser beam. 
The bigger this radius is, more area will be stroke and the power will be spared all over it. The 
result of dividing the power applied per cm2 of surface of the laser beam spot is called intensity 
𝐿𝐸𝐷 =
𝑃
𝑣
 
Power [W] 
Speed 
[mm/s] 
𝑉𝐸𝐷 =
𝑃
𝑣 · ℎ · 𝑡
 𝑆𝐸𝐷 =
𝑃
𝑣 · ℎ
 
Hatching 
distance [mm] 
Layer 
height [mm] 
Fig. 5.14. LED, SED and VED are used as a reference to select the right parameters values 
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and is expressed in W/cm2. Since this area can considerably vary, even if the same power is 
used, lot different results can be obtained due to the spot size of the laser beam. Also, the 
power is not distributed homogeneously in this spot area, been the center where most of the 
energy is placed. As far from the center the lower energy gets, figure 5.15 shows an image of 
this explanation. To know the size of the spot or focus of the laser beam, the characterization 
of its propagation must be done. This characterization is done with some individual parameters 
depending on the type of laser used. Since the laser used has a Gaussian profile it has a spot 
size, where the radius is minimum, called beam waist, and the further from this point the higher 
the radius it gets, figure 5.16:  
 
 
Fig. 5.15. Measurement of the laser beam focus. It can be seen that the center of the beam is almost 
red, is where most intensity is applied 
Fig. 5.16. Characterization of the propagation of a Gaussian laser beam [4] 
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As seen in figure 5.16, w(z) represents the radius in function of the position z, measured from 
the focus using the following equation: 
𝑤(𝑧) = 𝑤0√1 + (
𝑧
𝑧𝑅
)
2
 
Equation 2 
𝑧𝑅 =
𝜋𝑤0
2
𝜆
 
Equation 3 
The Rayleigh range, is characteristic of the laser beam and it’s the distance from the focus 
where the width of the beam is √2 larger than the focus. 
𝑤(𝑧) = 𝑟𝑎𝑑𝑖𝑢𝑠 𝑖𝑛 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑧 
𝑤0 = 𝑤(0) = 𝑤𝑎𝑖𝑠𝑡 𝑟𝑎𝑑𝑖𝑢𝑠 
𝑧𝑅 = 𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ 𝑟𝑎𝑛𝑔𝑒 
𝜆 = 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ 
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6. Equipment for the tests 
After the parameters and their influence in the relative density have been explained, tests can 
be started. The aim of the tests, as explained before, is to have a better understanding of the 
effects of those parameters on the relative density of the part. After the test, the next step is 
trying to hence the relative density to the highest point. The main objective is to achieve the 
best mechanical properties as possible, but as the higher the density is, the better mechanical 
properties the part will have. That’s why the first step is to figure out which are the parameters 
that will produce the best relative density results. In the following sections, equipment and 
devices used for the test will be explained: 
6.1. The machine: SLM 280HL 
The SLM process used in all machines is quite the same, but this doesn’t mean that the same 
parameters will work on every single machine. When switch from one machine to another, the 
parameters set must be changed as well. Although the machine and the process is the same, 
results might be affected by lots of different aspects such as type of laser beam, gas flow used, 
powder, etc. In this case, the machine used is a SLM 280 HL, provided by SLM Solutions, see 
figure 6.1. This machine is very robust with a high build volume and allows the printing of 
several materials such as stainless steel, aluminum, super alloys or titanium.  
 Fig. 6.1. Picture of SLM 280 HL, machine used for the tests [4] 
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The laser is well protected against the environment conditions of the chamber to avoid possible 
damages. All the process is done in an inert gas atmosphere to ensure there are no reactions 
with the powder. In this case, the gas used is N2 and the percentage of O2 is below 0,05%. 
Table 6.1 shows the specifications of the machine. 
 
Technical specifications 
Build envelope (L x W x H) 280mm x 280mm x 365mm 
Laser beam 400W 
Build Rate up to 55cm3/h 
Layer thickness 20µm - 75µm 
Min. Feature size 150µm 
Beam focus diameter 80µm - 115µm 
Max. Scan speed 10m/s 
Dimensions (L x W x H) 3.050mm x 1.050mm x 2.850mm 
Weight (incl. / without powder) 1.500kg / 1.300kg 
Table 6.1. SLM 280 HL specifications 
6.2. The material: AlSi10Mg 
Aluminum is one of the most used metals worldwide due to its high properties and facilities to 
process it. It’s classified as a light metal with a density of 2,67g/cm3, this fact added to its good 
strength, makes it suits perfectly when the load of the part is crucial. Among all the aluminum 
alloys, AlSi10Mg is the most used when referred to SLM process. Its properties make it a good 
candidate to produce complex geometries with thin walls, characteristics that directly fit with 
SLM processing. That’s why this material has become one of the most used in SLM process 
for industries such as aerospace, automotive or prototyping. 
 Fig. 6.2. Picture of the powder 100x (left) and 200x (right) [8] 
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The powder used is all from the same batch and it’s supplied by SLM Solutions, who provides 
a certificate with all its properties. This certificate contains all the powder’s information like 
chemical composition, particle’s size, particle’s shape, within others. Figure 6.2 shows a 
picture of the powder with 100x and 200x augmentation provided by SLM Solutions. 
Powder’s chemical composition is shown in table 6.2, while figure 6.3 shows the graph of the 
particle’s size distribution of the certificate. Particles have a spherical shape and its size 
oscillates between 23 and 63µm. Note that powder’s apparent density is 1,25g/cm3, while the 
density of aluminum is 2,67g/cm3 due to the amount of air between all particles.  
 
 
 
 
 
 
 
Table 6.2. Chemical composition of AlSi10Mg powder used for the tests 
 
Element Minimum Actual Maximum 
Al Balance Balance Balance 
Si 9 10,4 11 
Mg 0,2 0,4 0,45 
Fe - 0,15 0,55 
Cu - <0,005 0,05 
Zn - <0,005 0,1 
Ti - 0,006 0,15 
Mn - 0,01 0,45 
Ni - <0,04 0,05 
Fig. 6.3. Histogram of the particle’s size distribution. The red line indicates the 
cumulate value in % [8] 
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Apart from the powder’s chemical properties, SLM Solutions provides the mechanical 
properties of the produced parts as built, without any type of postprocess. These properties 
will be compared with the results obtained in the tensile test and are shown in table 6.3. Table 
6.4 shows the thermal properties of AlSi10Mg. 
Mechanical data Symbol [Unit] Value 
Ultimate Tensile Strength Rm [MPa] 397±11 
Yield Strength Rp0,2 [MPa] 227±11 
Break Strain A [%] 6±1 
Reduction of area Z [%] 8±1 
Young Modulus E [GPa] 64±10 
Hardness by Vickers  [HV10] 117±1 
Surface Roughness Ra [µm] 7±1 
Surface Roughness Rz [µm] 46±8 
Table 6.3. Mechanical properties reachable with AlSi10Mg powder, provided by SLM Solutions 
Properties Unit Value 
Thermal conductivity W/m·K 130-190 
Melting range ºC 570-590 
CTE (between 20-100ºC) µm/m·ºC 20-21 
Table 6.4. Properties of AlSi10Mg 
6.3. Metallography tests 
The aim of this research project is to achieve the best mechanical properties as possible by 
enhancing the relative density of the parts. That’s why the first step is understanding the 
behavior of the relative density when different parameters are applied. For doing so, testcubes 
are printed as samples and its density is studied; figure 6.4 shows a picture of the geometry of 
those test cubes. Its geometry allows to print it without any type of support, at the same time 
that allows an easy removal of it from the platform. 
Fig. 6.4. Geometry of the testcubes used as samples for the study 
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Once the testcubes are printed with the desired parameters, figure 6.5, they are cut and 
embedded to be able to see the inside of them. Once the sample is embedded, a poolishing 
process of the surface is carried out to and the porosity of the sample is calculated with a 
microscope. With the help of Berner Faschhochschule (BFH, Bern University of Applied 
Science), they provide all the equipment and devices needed to handle all these processes.   
Once this has been done, the samples must be cut, embedded and polished to study their 
porosity with the BFH’s devices. In this case, the micriscope used is a NIKON Eclipse LV150, 
figure 6.7, which allows to take pictures increasing enough to be able to observe the pores and 
their shape. Once the pictures are taken, with the help of the programm Image Acces 
Standard, the relative density might be calculated. For calculating the relative density, the 
program measures the percentatge of area between dark zones (pores) and the whole piece, 
so the result is the percentatge of pores that are in the sample; see figure 6.6. 
 
  
Fig. 6.5. Example of one test cube as printed 
Fig. 6.7. Picture of the microscope used for 
taking the pictures 
Fig. 6.6. Example of density measure 
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6.4. Tensile tests 
Apart from the metallography tests, tensile strength test will be done for BFH. In this case, 
while BFH allows to use their equipment when doing metallography analyze, tensile testing 
must only be done by the University’s staff. For this reason, the samples produced were given 
to them and they provide a report with all the mechanical results obtained. Figure 6.8 shows 
the samples used for these tests. 
The machine used for carrying the testing is a Zwick 1484, see figure 6.9, that pulls the 
specimens at the same time that measures the deformation and the area to provide the curve 
Tensile Strength-Deformation. Tests were made according to the norm ISO 10002 standard. 
 
Fig. 6.8. Picture of the tensile specimens used 
Fig. 6.9. Machine used for the tensile testing 
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7. Relative density results 
As explained before, the first step is to hence the relative density of the parts. To do this, 
pictures of the samples are taken and the relative density values are calculated. With these 
values, a relationship among those and the parameters used can be established, making 
possible to improve relative density’s value. By watching the microstructure of the sample, 
some imperfections can be seen; the most common ones are pores. Those ones can be 
caused because of different reasons, but the most common is due to the use of a non-
appropriate energy density. 
To find out the best parameters, a planning tests has been stablished. In every test a different 
parameter is studied. For a better understanding figure 7.1 explains the nomenclature of the 
samples.  
For all the realized tests, layer height will remain constant with a value of 50µm. Having a lower 
value will lead to an increase of the process timing, while having a higher value leads to don’t 
reach the desired resolution. As a first planning, all the rest of parameters will be tested in 
different ranges as shown in table 7.1. These ranges were selected within a previous study of 
the state of the art for SLM process with AlSi10Mg. 
Table 7.1. Parameter's range to be tested 
Not all range values will be tested with all the other parameter values; VED is the main 
parameter that is taken as a reference to select the other parameter values. While processing 
the tests, those ranges may vary due to the unexpected results. Also, not all the test done will 
be exposed, as from some of them no real conclusions could be extracted, see annex A. 
  Power 
[W] 
Scanning speed 
[mm/s] 
Hatching distance  
[mm] 
Layer height 
[mm] 
Range  
 
150-350 250-1.300 0,1-0,25 0,05 
Layer height in µm 
The higher the unit is, the higher 
the value of the parameter that 
varies 
Power in W 
The ten corresponds to a 
specific parameter 
Fig. 7.1. Explanation of the nomenclature used for metallography samples 
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7.1. Power-Scanning speed test 
The first test was used as an approach to the SLM process to see the behavior of the relative 
density against scanning speed and power variations.  As a starting point, the parameter set 
used till the moment was selected; see table 7.2. These parameters were used in another 
machine, but as mentioned before, every machine has a different optimal parameter set even 
if the whole process is the same. 
Table 7.2. Parameter set used as a starting point 
Since the machine has a maximum power of 400W, three sets of power were produced: 150, 
250 and 350W. On the other hand, the scan speed values were bounded due to a previous 
study of SLM process. From the study mentioned before, VED values between 40 and 
60J/mm3 reach the best results. So, with all the parameters fixed, speed’s value is selected in 
order to have VED’s value between 30 to 70J/mm3, the boundary is increased to make sure 
the peak of maximum relative density is within it. For every set of power, the speed was varied 
to have at least 6 samples in the given boundary. The resulting parameters to be tested for 
150, 250 and 350W are shown in tables 7.3, 7.4 and 7.5 respectively. 
Table 7.3. Parameters tested for 150W 
 
 
 
Table 7.4. Parameters tested for 250W 
Power 
[W] 
Scanning speed 
[mm/s] 
Hatching distance 
[mm] 
Layer height 
[mm] 
VED 
[J/mm3] 
Focus offset 
[mm] 
350 930 0,17 0,05 44,28 1,5 
Parameter 
Power  
[W] 
Scanning speed  
[mm/s] 
Hatching distance  
[mm] 
Layer height  
[mm] 
VED  
[J/mm3] 
50PSV150-10 150 250 0,17 0,05 70,59 
50PSV150-11 150 300 0,17 0,05 58,82 
50PSV150-12 150 350 0,17 0,05 50,42 
50PSV150-13 150 400 0,17 0,05 44,12 
50PSV150-14 150 450 0,17 0,05 39,22 
50PSV150-15 150 500 0,17 0,05 35,29 
50PSV150-16 150 550 0,17 0,05 32,09 
Parameter 
Power  
[W] 
Scanning speed  
[mm/s] 
Hatching distance  
[mm] 
Layer height  
[mm] 
VED  
[J/mm3] 
50PSV250-10 250 450 0,17 0,05 65,36 
50PSV250-11 250 550 0,17 0,05 53,48 
50PSV250-12 250 650 0,17 0,05 45,25 
50PSV250-13 250 750 0,17 0,05 39,22 
50PSV250-14 250 850 0,17 0,05 34,60 
50PSV250-15 250 950 0,17 0,05 30,96 
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Parameter 
Power  
[W] 
Scanning speed  
[mm/s] 
Hatching distance  
[mm] 
Layer height  
[mm] 
VED  
[J/mm3] 
50PSV350-10 350 600 0,17 0,05 68,63 
50PSV350-11 350 700 0,17 0,05 58,82 
50PSV350-12 350 800 0,17 0,05 51,47 
50PSV350-13 350 900 0,17 0,05 45,75 
50PSV350-14 350 1.000 0,17 0,05 41,18 
50PSV350-15 350 1.100 0,17 0,05 37,43 
50PSV350-16 350 1.200 0,17 0,05 34,31 
50PSV350-17 350 1.300 0,17 0,05 31,67 
Table 7.5. Parameters tested for 350W 
In figure 7.2 the layout of the samples on the platform can be seen. Two samples per each 
parameter set were produced.  
 
 
 
 
Fig. 7.2. Layout of power-scanning speed test 
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Once the samples were printed and removed from the platform, they were polished and the 
metallography analyze was done. In this case, the samples were cut up in a way to maximize 
the visible surface as shown in figure 7.3. Since the aim was to analyze the relative density, 
this test was only focused on the core of the samples. Four pictures of the bulk of each sample 
were taken, then the average of them was calculated. These pictures were taken far enough 
from the contour so it didn’t influence the results. Figure 7.4 shows an example of a picture 
and the same one once the processing for calculate the relative density is finished. 
 
 
 
 
 
 
 
 
All the results obtained are shown in table 7.6. Note that in the table, only the varied parameters 
are shown such as power and speed, those which remain constant are not included, like 
hatching distance 0,17mm, layer height 0,05mm and focus offset 1,5mm. 
 
Fig. 7.4. Left: picture taken for the test. Right: same picture after applying the process to calculate the 
relative density 
Fig. 7.3. Left: sample as printed, in red the first cut and orange is the second one. Right: sample 
after being embedded and polished. 
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Parameter 
Power 
[W] 
S. Speed  
[mm/s] 
VED  
[J/mm3] 
Relative  
density [%] 
50PSV150-10 150 250 70,6 95,83 
50PSV150-11 150 300 58,8 95,52 
50PSV150-12 150 350 50,4 95,24 
50PSV150-13 150 400 44,1 96,69 
50PSV150-14 150 450 39,2 94,24 
50PSV150-15 150 500 35,3 93,06 
50PSV150-16 150 550 32,1 91,68 
50PSV250-10 250 450 65,4 99,71 
50PSV250-11 250 550 53,5 98,72 
50PSV250-12 250 650 45,2 99,08 
50PSV250-13 250 750 39,2 99,46 
50PSV250-14 250 850 34,6 99,39 
50PSV250-15 250 950 31,0 98,96 
50PSV350-10 350 600 68,6 97,52 
50PSV350-11 350 700 58,8 96,38 
50PSV350-12 350 800 51,5 97,38 
50PSV350-13 350 900 45,8 99,16 
50PSV350-14 350 1.000 41,2 98,80 
50PSV350-15 350 1.100 37,4 99,64 
50PSV350-16 350 1.200 34,3 99,64 
50PSV350-17 350 1.300 31,7 99,52 
Table 7.6. Results of the power-scanning speed test 
From the results of the previous table, the relative density-scanning speed for the differents 
power values can be plotted, figure 7.5.  
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Fig. 7.5. Relative Density-S. Speed for all three different power values 
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Despite some parameters don’t seem to fit in the curve, it can be seen an aproximation of what 
was expected. All three sets of power present a peak of maximum relative density and the 
further the scanning speed is from this point, the more porosity apears. In the case of 150W, 
it seems there is not enough power to melt the powder and a high porosity apears. All samples 
present a low relative density compared with the other two sets of power values. The first 
sample of this two sets present a higher relative density than the following one, a fact that was 
unexpected. As it will be explained afterwards, that’s due to the layout of the samples on the 
platform. Without taken those two into account, the best results for 250 and 350W are 99,46% 
and 99,64% respectively.  
From the same results, the graph relative density-VED can be plotted as shown in figure 7.6. 
As explained before, in order to achieve a proper melting of the powder, the main control 
parameter is VED, indicating the amount of energy per volume induced to the powder. As 
shown in figure 7.5, for different power values, different scanning speeds reach the best 
results, but those points should have approximatelly the same VED. In figure 7.6 this fact can 
be seen, since the best results obtained are close together, even if different power values are 
used. Like with speed, the further from this point, the lower relative density is achieved. For 
250 and 350W samples, it seems that the best VED’s value is somewhere between 30 and 
40J/mm3. In the case of 150W, it reasserts that there is not enough power to melt the powder 
properly. Even if the VED increased, relative density’s value is still lower than the other 
batches. A summary of the results is shown in figure 7.7 with pictures of the different samples. 
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Fig. 7.6. Relative density-VED for all three power values 
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Fig. 7.7. Summary graph with the main pictures of different speed and power values. In red is shown 
the exact scanning speed value for each picture 
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As expected, two types of pores can be observed. 50PSV150 samples present pores due to 
their low power. It seems it’s not enough to melt the powder and produces what is known as a 
metallography pore. Those metallography pores present random shapes and can have 
different sizes, in this case from 30µm up to 300µm. On the other hand, samples like 
50PSV350-11 have low density due to the elevate amount of VED used. This leads to 
overheated zones and the powder can evaporate producing voids. Those pores are known as 
keyholes and they have spherical shapes with sizes from 20µm up to 100µm. In both cases, 
those pores cause imperfections that can lead to the fracture of the part, so they must be 
avoided. In figure 7.8, those types of pores can be observed. 
7.1.1. Conclusions Power-Scanning speed test 
• No high results of relative density can be achieved with power value of 150W. 
Therefore, no more test with this power value will be made. 
• Both sets, 250 and 350W reach high relative density values, but since 350W does it 
with faster speed, it will be taken for further steps. 
• In both cases, best results were obtained with VED’s values between 30 and 40J/mm3, 
so for further steps VED’s values within it will be used.  
• The layout on the platform seems to have a higher influence than expected, therefore 
this influence will be studied. 
7.2. Scanning speed test 
From the results of the previous test, the layout on the platform has a bigger influence on 
relative density values than expected. That’s the reason why in this test, five samples per each 
scanning speed value were printed in different positions on the platform. As can be seen in 
figure 7.9 for batches 50PSV350-15, 16 and 17, five groups were printed: Front Right (FR), 
Fig. 7.8. Left: picture of sample 50PSV150-150 where metallographic pores can be seen. Right:  
picture of the sample 50PSV350-11 where keyholes can be seen 
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Front Left (FL), Back Right (BR), Back Left (BL) and Middle (M). In the case of batch 
50PSV350-18, the positioning was a little bit different since samples were placed in the sides 
of platform instead of in the corners. The positions were: Front (F), Back (B), Right (R), Left (L) 
and Middle (M). Scanning speeds over 1.100mm/s have been studied in this test, since in the 
previous one, highest values of relative density were obtained with them. Table 7.7 shows the 
parameters tested. 
Parameter 
Power  
[W] 
Scanning speed  
[mm/s] 
Hatching distance  
[mm] 
Layer height  
[mm] 
VED  
[J/mm3] 
50PSV350-15 350 1.100 0,17 0,05 37,43 
50PSV350-16 350 1.200 0,17 0,05 34,31 
50PSV350-17 350 1.300 0,17 0,05 31,67 
50PSV350-18 350 1.400 0,17 0,05 29,41 
Table 7.7. Parameters used for scanning speed test 
 
 
 
 
 
 
 
 
 
 
 
 
The same process was carried out when calculating relative density’s values. Samples were 
cut the same way and four pictures of each sample were made and the average of them 
calculated. Those results are shown in table 7.8. Note that power, hatching distance, layer 
height and focus offset are not shown since they are constant in all samples with values of 
350W, 0,17mm, 0,05mm and 1,5mm respectively. 
Fig. 7.9. Layout of scanning speed test 
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Parameter 
S. Speed  
[mm/s] 
VED  
[J/mm3] 
Position 
R. Density 
 [%] 
50PSV350-15 1.100 37,43 FR 99,88 
50PSV350-15 1.100 37,43 BR 99,91 
50PSV350-15 1.100 37,43 BL 99,83 
50PSV350-15 1.100 37,43 FL 99,73 
50PSV350-15 1.100 37,43 M 99,76 
50PSV350-16 1.200 34,31 FR 99,81 
50PSV350-16 1.200 34,31 BR 99,93 
50PSV350-16 1.200 34,31 BL 99,42 
50PSV350-16 1.200 34,31 FL 99,66 
50PSV350-16 1.200 34,31 M 99,81 
50PSV350-17 1.300 31,67 FR 99,67 
50PSV350-17 1.300 31,67 BR 99,49 
50PSV350-17 1.300 31,67 BL 99,48 
50PSV350-17 1.300 31,67 FL 98,48 
50PSV350-17 1.300 31,67 M 99,92 
50PSV350-18 1.400 29,41 R 99,46 
50PSV350-18 1.400 29,41 L 99,17 
50PSV350-18 1.400 29,41 F 98,80 
50PSV350-18 1.400 29,41 B 99,46 
50PSV350-18 1.400 29,41 M 99,86 
Table 7.8. Results of scanning speed test in % 
From the results obtained the average of each parameter set is calculated and shown in table 
7.9. 
 50PSV350-15 50PSV350-16 50PSV350-17 50PSV350-18 
Relative density [%] 99,82 99,72 99,41 99,35 
Table 7.9. Results of the 4 batches of scanning speed, values expressed in % 
These average values are obtained from five samples manufactured with the exactly the same 
parameter set, so their values should be quite precise. Despite the highest difference between 
the parameters is lower than 1%, if the results are plotted, like in figure 7.10. a tendency can 
be observed. Going faster than 1.100mm/s leads to the decreasing of relative density. 
Although, not a big difference is obtained, scanning speed of 1.100mm/s achieves the best 
results and will remain constant for the following tests, while other parameters will be varied. 
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7.2.1. Conclusions scanning speed test 
• A decreasing relative density for higher scanning speeds can be observed, although 
for these four sets of speed the results are quite similar. 
7.3. Layout test 
As explained before, position on the platform has a bigger influence than expected. This issue 
has been studied in depth with the previous test as well, since samples with the same 
parameters were produced in different positions on the platform. As a reminder, five samples 
of 50PSV350-15, 16 and 17 were produced, four of them in each corner and one more in the 
middle, while the 50PSV350-18 samples were placed on the sides of the platform and in the 
middle of it; see table 7.7 and figure 7.9. 
Despite the four batches have different parameters, the effect of the position should be the 
same for all of them, therefore their values can be compared between them. Results obtained 
and shown in table 7.8 are arranged in order to have a better comparison between different 
positions. Table 7.10 shows the values for right and left samples to have a better overview of 
them. If the right samples are compared with the left ones, higher results have been obtained 
with the first ones. Note that, per each side, two samples with the same parameter set have 
been taken into account. Right samples are FR and BR, left ones FL and BL. However, for 
parameter set 50PSV350-18 only one sample in each side has been printed, but its value is 
considered to calculate the average as well. 
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Fig. 7.10. Relative density-S. Speed graph 
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Parameter FR BR Average 
50PSV350-15 99,88 99,91 99,90 
50PSV350-16 99,81 99,93 99,87 
50PSV350-17 99,67 99,49 99,58 
50PSV350-18   99,46 
Average right samples 99,70 
    
Parameter FL BL Average 
50PSV350-15 99,73 99,83 99,78 
50PSV350-16 99,66 99,42 99,54 
50PSV350-17 98,48 99,48 98,98 
50PSV350-18   99,17 
Average left samples 99,37 
Table 7.10. Comparison between right and left samples, all values in % 
All right samples show a higher relative density value although having the same parameters, 
getting the largest difference in sample 50PSV350-17 FR and FL with a 1,19%. The average 
of the right samples is 99,70% while for the left ones is 99,37%, being the difference 0,33%. 
This fact might be caused due to the gas flow that goes from right to the left side of the platform. 
The gas flow ensures there is no oxygen in the layer when the laser hits the powder. It’s known 
that it has a direct influence on the surface quality of the parts, producing better surface quality 
in those ones facing the right side than the ones facing the left side. However, it seems that it 
also affects the inside of the part and its relative density.  
Parameter FR FL Average 
50PSV350-15 99,88 99,73 99,81 
50PSV350-16 99,81 99,66 99,74 
50PSV350-17 99,67 98,48 99,08 
50PSV350-18   98,80 
Average front samples 99,35 
    
Parameter BR BL Average 
50PSV350-15 99,91 99,83 99,87 
50PSV350-16 99,93 99,42 99,68 
50PSV350-17 99,49 99,48 99,49 
50PSV350-18   99,46 
Average back samples 99,62 
Table 7.11. Comparison between back and front samples, all values in % 
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Table 7.11. shows a comparison between back and front samples where can be seen that, 
like the previous case, laying the part on the front or back of the platform has also an impact 
on its relative density. In this case, not all samples have a better result when placed on the 
back side, but in average, back ones present higher relative density with 99,62% against 
99,35% for the front ones. At first sight there is no clear evidence of what can cause this effect. 
One possibility could be the machine’s preferences for producing the parts. When starting to 
melt the layer, automatically the machine has a predefined order for producing every part. This 
preference moves from the back-left corner to the front-right corner, as shown in figure 7.11. 
Thus, the sample’s exposure process take the following order: BL-FL-M-BR-FR. When BL 
samples are produced, which are the first ones to be done, the laser has had enough time to 
rest while the recoating is applying the layer of powder. On the other hand, when FR samples 
are produced, which belong to the lasts ones, the exposure time of the laser is higher and this 
might be the cause of low relative density. As explained before, this is only a hypothesis, there 
are no scientific proofs that guarantee this is the reason for it. However, worse results have 
been obtained with front samples. 
 
 
The remaining five samples were placed in the middle of the platform, table 7.12 shows the 
obtained results for M samples.  
Position 50PSV350-15 50PSV350-16 50PSV350-17 50PSV350-18 Average 
M 99,76 99,81 99,92 99,86 99,84 
Table 7.12. Results of middle samples, values in % 
If compared with the other positions, middle samples present a higher relative density’s value, 
being the best result of them all. This fact can be caused for the difference distances traveled 
by the laser beam. As can be seen in figures 5.5 and 5.6, the laser beam is placed over the 
platform in the middle of it. Therefore, it will travel less distance for those parts printed in the 
middle than others, which were placed away from the center point. Even though it is not a big 
Fig. 7.11. The arrow shows the preference for 
the build job 
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distance, the powder dust produced by previous layers could be the reason of this effect. Since 
the laser beam travels more distance, the chance of colliding with a particle from the 
environment is higher, and this could affect the parts performance. 
Like the previous case, there is no scientific evidence that proves what is causing this effect, 
so there is not much that can be done to prevent it. Nevertheless, even if nothing can be done 
to avoid this, knowing the effects that this might cause is important to be able to predict with a 
better accuracy what is going to happen. 
To ensure this issue, in hatching distance test, which will be explained afterwards, samples 
with the same parameter set were printed in different positions as well. Four samples per each 
parameter set were produced, one in each corner of the platform. Since a large amount of 
samples were produced, two build jobs were needed to make this test. Table 7.13 shows the 
parameters used, while figure 7.12 shows the layout of the test. 
Parameter 
Power 
[W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
Layer height 
[mm] 
VED 
[J/mm3] 
50PSV350-22 350 1.100 0,12 0,05 53,03 
50PSV350-23 350 1.100 0,13 0,05 48,95 
50PSV350-24 350 1.100 0,14 0,05 45,45 
50PSV350-25 350 1.100 0,15 0,05 42,42 
50PSV350-26 350 1.100 0,16 0,05 39,77 
50PSV350-27 350 1.100 0,17 0,05 37,43 
50PSV350-28 350 1.100 0,18 0,05 35,35 
50PSV350-29 350 1.100 0,19 0,05 33,49 
Table 7.13. Parameters used for second layout test 
Fig. 7.12. Layout of second layout test, samples from 22 to 25 on the left and samples from 27 to 29 
on the right 
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Table 7.14 shows the obtained results, while in table 7.15 the average for each position can 
be observed. 
Parameter Position 
Hatching distance 
[mm] 
VED 
[J/mm3] 
R. Density 
[%] 
50PSV350-22 FR 0,12 53,03 99,89 
50PSV350-23 FR 0,13 48,95 99,67 
50PSV350-24 FR 0,14 45,45 99,72 
50PSV350-25 FR 0,15 42,42 99,83 
50PSV350-26 FR 0,16 39,77 99,69 
50PSV350-27 FR 0,17 37,43 99,65 
50PSV350-28 FR 0,18 35,35 98,99 
50PSV350-29 FR 0,19 33,49 99,72 
50PSV350-22 BR 0,12 53,03 99,28 
50PSV350-23 BR 0,13 48,95 99,62 
50PSV350-24 BR 0,14 45,45 99,78 
50PSV350-25 BR 0,15 42,42 99,81 
50PSV350-26 BR 0,16 39,77 99,69 
50PSV350-27 BR 0,17 37,43 99,55 
50PSV350-28 BR 0,18 35,35 99,77 
50PSV350-29 BR 0,19 33,49 99,68 
50PSV350-22 FL 0,12 53,03 98,24 
50PSV350-23 FL 0,13 48,95 99,78 
50PSV350-24 FL 0,14 45,45 99,70 
50PSV350-25 FL 0,15 42,42 99,61 
50PSV350-26 FL 0,16 39,77 99,68 
50PSV350-27 FL 0,17 37,43 99,60 
50PSV350-28 FL 0,18 35,35 98,97 
50PSV350-29 FL 0,19 33,49 99,58 
50PSV350-22 BL 0,12 53,03 99,01 
50PSV350-23 BL 0,13 48,95 99,76 
50PSV350-24 BL 0,14 45,45 99,55 
50PSV350-25 BL 0,15 42,42 99,70 
50PSV350-26 BL 0,16 39,77 99,86 
50PSV350-27 BL 0,17 37,43 99,62 
50PSV350-28 BL 0,18 35,35 99,63 
50PSV350-29 BL 0,19 33,49 99,35 
Table 7.14. Results for the layout test 
Position Front Back Right Left 
Average 99,49 99,60 99,65 99,45 
Table 7.15. Relative density for different positions expressed in % 
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When comparing the average densities within different positions it can be observed that, like 
the first layout test, right samples have better results than left ones, and back ones better than 
front ones; see table 7.15. These values are the average of all the samples laying on each 
position, within the platform where samples are produced, so the value for the front is obtained 
with the average of all samples FR and FL. Concerning the back ones, the average has been 
calculated from BR and BL. The same guidance has been used for the rest cases. Even if the 
difference is not really big, right samples present the best result over the rest with an average 
of 99,65% while left ones have the worst with 99,45%. Therefore, it can be concluded that the 
position of the samples has an impact on the part’s performance, being the axe Y the most 
important due to the gas flow. 
7.3.1. Conclusions layout test 
• The layout on the platform has a real influence on relative density value, even there is 
no evidence of what is the cause, the effect is clearly appreciable. 
• Middle samples show the best results among all of them. This issue may be caused 
for the different distances that the laser beam travels for different layouts. 
• Right samples have better results than left ones. This fact could be caused for the gas 
flow that goes from right to left side of the chamber. 
• Back samples have better results than front ones. There are no scientific evidences of 
what cause this fact, but the exposure laser time could be the cause. 
7.4. Hatching distance test 
Once power and speed were settled with values of 350W and 1.100mm/s, next step was 
varying hatching distance to see its influence on the relative density. For the first approach, 
hatching distance was varied from 0,075mm to 0,25mm in steps of 0,025mm, as shown in 
table 7.16. Figure 7.13 shows the layout. 
Table 7.16. Parameters for hatching distance test 
Parameter 
Power 
[W] 
Scanning 
speed[mm/s] 
Hatching distance 
[mm] 
Layer height 
[mm] 
VED 
[J/mm3] 
50PSV350-30 350 1.100 0,075 0,05 84,85 
50PSV350-31 350 1.100 0,1 0,05 63,64 
50PSV350-32 350 1.100 0,125 0,05 50,91 
50PSV350-33 350 1.100 0,15 0,05 42,42 
50PSV350-34 350 1.100 0,175 0,05 36,36 
50PSV350-35 350 1.100 0,2 0,05 31,82 
50PSV350-36 350 1.100 0,225 0,05 28,28 
50PSV350-37 350 1.100 0,25 0,05 25,45 
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For this test, since the parameter which had been varied was hatching distance, the samples 
were cut in a different way in order to see the layer. By having a perpendicular image of the 
layer, it was expected to see lines of pores at some point, since the laser’s tracks are too far 
from each other. Even if relative density is high, whenever those lines of pores appear, it means 
the hatching distance is too high. The cut made for this test is shown in figure 7.14. 
 
 
 
 
 
 
 
 
In this case, three pictures of each cut were taken and the average of the relative density of 
them is calculated with the same process. The average is calculated taking into account six 
pictures of the same sample, giving a good approximation of the real value of relative density. 
Fig. 7.14. Example of sample before and after the metallography process 
Fig. 7.13. Layout of hatching distance test 
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Those results are shown in table 7.17, with the different parameters used. Note that for these 
samples, power was 350W, scanning speed 1.100mm/s and layer height 0,05mm. Also, for all 
these samples, focus offset was 1,5mm. As will be shown in focus offset test, with this value 
and the measured values of laser beam’s coefficients, the radius of the laser beam can be 
calculated, see equation 2. In this case, with a focus offset of 1,5mm the radius of the laser 
beam has a value of 0,0825mm. Knowing the radius of the laser beam, the overlap for each 
hatching distance value can be calculated. Note that the overlap value is twice the difference 
between the radius laser beam and the hatching distance. The positive values correspond to 
the overlapping distance, while the negative ones show the distance that is not stroke by the 
laser beam. 
Parameter 
Hatching distance 
[mm] 
Overlap 
[mm] 
VED 
[J/mm3] 
R. Density 
[%] 
50PSV350-30 0,075 0,090 84,85 99,86 
50PSV350-31 0,100 0,065 63,64 98,65 
50PSV350-32 0,125 0,040 50,91 99,88 
50PSV350-33 0,150 0,015 42,42 99,85 
50PSV350-34 0,175 -0,010 36,36 99,87 
50PSV350-35 0,200 -0,035 31,82 99,75 
50PSV350-36 0,225 -0,060 28,28 98,88 
50PSV350-37 0,250 -0,085 25,45 98,41 
Table 7.17. Results of test 3 
From the results obtained before, the graph Relative Density-Hatching Distance is plotted in 
figure 7.15.  
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Fig. 7.15. Graph Relative Density-Hatching distance 
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Without taken into account sample 50PSV350-31, all the rest samples with hatching distance 
below 0,2mm present better results than those above 0,2mm. Figure 7.16 shows pictures 
comparing some of the parameters used: 
As seen in the previous pictures, there is no big difference between samples 50PSV350-30 
and 50PSV350-34, even if their hatching distance differs 0,1mm. Instead, 50PSV350-37 with 
a closer hatching distance, presents really low values. Even if no trends or lines of pores can 
be seen the relative density is much lower with hatching distances above 0,2mm. Therefore, 
for the next tests, hatching distance used will only be under 0,2mm. 
Another interesting fact that can be extracted from this test is related with the result of sample 
350PSV50-30. Despite its VED’s value is really high, 84,85J/mm3, its result is 99,86%. In the 
first test, high values of VED were also tested, but those ones lead to low results instead of 
high relative density values like in this case. Table 7.18 shows the parameters and relative 
density values for different samples produced in power-scanning speed and hatching distance 
test. 
Parameter 
Power 
[W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
L. Height 
[mm] 
VED 
[J/mm3] 
R. Density 
[%] 
50PSV350-10 350 600 0,017 0,05 68,60 97,52 
50PSV350-11 350 700 0,017 0,05 58,80 96,38 
50PSV350-12 350 800 0,017 0,05 51,50 97,38 
50PSV350-13 350 900 0,017 0,05 45,80 97,90 
50PSV350-30 350 1.100 0,075 0,05 84,85 99,86 
50PSV350-31 350 1.100 0,1 0,05 63,64 98,65 
50PSV350-32 350 1.100 0,125 0,05 50,91 99,88 
Table 7.18. Comparison between different samples with similar VED values 
In the previous table, it can be seen that, despite using similar VED values, the results obtained 
are far from each other. In the first test, with scanning speed variation, when VED values were 
above 45J/mm3, the relative density started to decrease. In this test, with hatching distance 
Fig. 7.16. Pictures from different samples. From left to right 50PSV350-30, 50PSV350-34 and 
50PSV350-37 
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variation, no differences are seen when VED values above 45J/mm3 are used. So, how it can 
be obtained such differences between those samples when using similar VED values? The 
answer lays in the LED values, that can be seen in table 7.19. 
Parameter 
Power 
[W] 
Scanning 
speed [mm/s] 
LED 
[J/mm] 
R. Density 
[%] 
50PSV350-10 350 600 0,58 97,52 
50PSV350-11 350 700 0,50 96,38 
50PSV350-12 350 800 0,44 97,38 
50PSV350-13 350 900 0,39 97,90 
50PSV350-30 350 1.100 0,32 99,86 
50PSV350-31 350 1.100 0,32 98,65 
50PSV350-32 350 1.100 0,32 99,88 
Table 7.19. Comparison of the same samples of table 5.17, but with LED values 
As explained before, VED value is taken as a reference for carrying out the testing, but it’s not 
the only parameter that affect the part’s performance. LED values are also important and must 
be taken into account too. As a reminder, LED or Linear Energy Density, is the amount of 
energy that the laser beam sends to the powder bed, per distance and it is the result of dividing 
the power between scanning speed. Samples 1X have higher LED values than 3X, that’s the 
cause of their low relative density due to the appearance of keyholes. Samples 1X have low 
speed that causes high LED values and the laser beam remains more time on the same spot. 
Meanwhile, samples 3X have high speed values and the laser beam goes faster. Even if the 
low hatching distance value, means having the laser tracks closer to each other, leading in a 
high VED value. This fact won’t lead to the appearance of keyholes. Keyholes appear because 
of the large amount of energy and heat produced in the buildup process, leading powder to 
evaporate. In samples 3X, the time between the tracks, even if it’s milliseconds, it is enough to 
cool down the powder so the next track won’t produce keyholes. Figure 7.17 shows two 
pictures of different samples with same VED values but different LED ones. In the picture with 
higher LED value it can be seen that the pores formed are keyholes. This fact proves that he 
main cause of higher porosity is the large amount of energy transferred to the powder bed. 
Fig. 7.17. Pictures of two sample with the same VED value but different LED 
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Hatching distance was tested a second time within the second layout test. In this case, as the 
best results have been obtained with hatching distance below 0,2mm, smaller values have 
been tested; see table 7.13. Unlike the previous hatching distance test, this second time, 
samples were cut as in the first test, maximizing the embedded surface. Table 7.14 show the 
obtained results for this test, however, for having a better overview more focused on the 
influence for hatching distance, table 7.20 classified the results per parameter and shows also 
the average of each one.  
Parameters 
FR 
[%] 
BR 
[%] 
FL 
[%] 
BL 
[%] 
Average 
[%] 
Hatching  
[mm] 
Overlap 
[mm] 
50PSV350-22 99,89 99,28 98,24 99,01 99,11 0,120 0,045 
50PSV350-23 99,67 99,62 99,78 99,76 99,71 0,130 0,035 
50PSV350-24 99,72 99,78 99,70 99,55 99,69 0,140 0,025 
50PSV350-25 99,83 99,81 99,61 99,70 99,74 0,150 0,015 
50PSV350-26 99,69 99,69 99,68 99,86 99,73 0,160 0,005 
50PSV350-27 99,65 99,55 99,60 99,62 99,61 0,170 -0,005 
50PSV350-28 98,99 99,77 98,97 99,63 99,34 0,180 -0,015 
50PSV350-29 99,72 99,68 99,58 99,35 99,58 0,190 -0,025 
Table 7.20. Results of average relative densities expressed in %, best results are lighted in green, while 
worst ones are in red 
Figure 7.18 shows the relation between average relative density of the parameters and the 
hatching distance used. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Although the differences between all parameters is under 1%, having a hatching distance of 
0,17mm or above, lowers the relative density. The best average result is obtained with 
parameters 50PSV350-25 and 26, so a hatching distance of 0,15-0,16mm is enough to ensure 
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Fig. 7.18. Graph average relative density-hatching distance 
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the proper melting of the powder. Smaller hatching distances also reach high results, but 
having the higher build rate possible is also a goal to achieve. It seems that having a hatching 
distance below 0,17mm helps to enhance the relative density above 99,50%, despites sample 
50PSV350-22 has a lower result due to the melt pools produced; see figure 7.20. 
7.4.1. Conclusions hatching distance test 
• Even though pores lines have not been observed, high hatching distances lead to a 
poor relative density value. 
• At a specific point, having the tracks closer to each other does not lead to better results 
nor worse ones. 
• Despite high VED values have been used, produced for small values of hatching 
distances, this does not lead to have low relative density values like in the first test. 
That might be, because, as long as LED values used are within a correct boundary, 
laser’s tracks can be closer to each other. 
7.5. Focus offset test 
The last parameter that has been studied is the focus offset of the laser beam. As explained 
in section 5.3.6 the spot size of the laser beam has also an influence on the relative density. 
For a given power value, the larger the area of the laser’s spot the less intensity the powder 
bed will absorb. The diameter of the spot size is controlled by another parameter, the offset of 
the focus measured in mm. This value indicates the distance from the focus of the laser beam 
to the working spot and can take negative or positive values. The further from the focus, the 
bigger the radius of the spot will be, therefore less intensity. As explained in section 5.3.6, in 
order to know the shape and know the specific coefficients of the laser beam, the 
characterization of it must be done. That is the reason why before proceeding with the test, a 
Fig. 7.19. Melt pool produced in the sample 
50PSV350-22 
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caustic measurement was made, figure 7.20 shows the obtained shape of the laser beam. 
 
 
 
 
 
 
 
 
The measured coefficients of the laser beam can be seen in table 7.21. 
Coefficient Symbol [units] Value 
Focus offset 𝑍0 [mm] -1,54 
Waist radius 𝑤0 [mm] 0,0734 
Rayleigh range 𝑍𝑅 [mm] 2,93 
Table 7.21. Coefficients of the laser beam 
In this case, the focus offset was varied from -8 to 8mm in steps of 2mm, so the area of the 
laser beam will vary according to this distance, table 7.22 shows the parameters used, while 
figure 7.21 shows the layout. Note that parameter 50PSV350 has 1,5mm focus offset because 
is the value used till this moment. 
Parameter 
S. Speed 
[mm/s] 
Power 
[W] 
H. Distance 
[mm] 
Focus offset 
[mm] 
L. Height  
[mm] 
50PSV350-40 1.100 350 0,16 -8 0,05 
50PSV350-41 1.100 350 0,16 -6 0,05 
50PSV350-42 1.100 350 0,16 -4 0,05 
50PSV350-43 1.100 350 0,16 -2 0,05 
50PSV350-44 1.100 350 0,16 0 0,05 
50PSV350-45 1.100 350 0,16 2 0,05 
50PSV350-46 1.100 350 0,16 4 0,05 
50PSV350-47 1.100 350 0,16 6 0,05 
50PSV350-48 1.100 350 0,16 8 0,05 
50PSV350 1.100 350 0,16 1,5 0,05 
Table 7.22. Parameters used in focus offset test 
Fig. 7.20. Characterization of the laser beam 
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With the focus offset values, the spot radius can be calculated using equation 2, and with it, 
the spot size of each one. Also, like in the hatching distance test, the overlap for each focus 
offset value can be calculated. In this case, six pictures were taken and the average of them 
was calculated. The other parameters not shown are power, scanning speed, layer height and 
hatching distance, with values of 350W, 1.100mm/s, 0,05mm and 0,16mm respectively. 
 
Parameter 
Focus offset 
[mm] 
Spot radius 
[mm] 
Overlap 
[mm] 
Spot size 
[mm2] 
R. Density 
[%] 
50PSV350-40 -8 0,213 0,267 0,143 98,81 
50PSV350-41 -6 0,167 0,175 0,088 98,97 
50PSV350-42 -4 0,124 0,088 0,048 99,24 
50PSV350-43 -2 0,089 0,018 0,025 99,69 
50PSV350-44 0 0,073 -0,013 0,017 99,57 
50PSV350-45 2 0,089 0,018 0,025 99,56 
50PSV350-46 4 0,124 0,088 0,048 98,25 
50PSV350-47 6 0,167 0,175 0,088 97,90 
50PSV350-48 8 0,213 0,267 0,143 98,18 
50PSV350 1,5 0,082 0,005 0,021 99,66 
Table 7.23. Results of test 5 
Fig. 7.21. Layout of focus offset test 
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From the obtained results, the graph relative density-focus offset can be plotted in figure 7.22.  
 
 
 
 
 
 
 
 
 
 
As can be seen focus offset have a real influence in the part’s performance, for ensuring a high 
relative density’s value, focus offset between -2 and 2mm must be used. As far from the focus 
pores start to appear due to the large area of the laser beam’s spot. Note that with focus offset 
of -8 or 8mm the spot size is nearly three times bigger than the focus size, so the intensity is 
much lower. That might be the reason why the powder doesn’t melt properly and pores appear. 
Another point to take in account is the difference between positive and negative offsets. 
Despites the area should be the same, the results are different, however there are no 
evidences of what may cause this effect.  
7.5.1. Conclusions test 5 
• Focus offset between -2 and 2mm reach the highest relative density values, other focus 
offset values lead to the appearance of pores, therefore low relative density values. 
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Fig. 7.22. Graph Relative Density-Focus Offset 
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8. Tensile test results 
Once the relative density was studied, parameters that produce the best performance were 
settled. With those ones, tensile specimens were produced for carry out a destructive analyze 
to see the mechanical properties. These tests were performed by BFH staff and equipment 
following the norm ISO10002 with an electro mechanical testing machine Zwick 1484. The test 
machine record all the force and deformations that occur during the pull process till the brake 
of the part. Once the test was done, BFH provided a report with all the mechanical properties 
values and the graph tensile strength-deformation. Note that the only postprocessing done to 
the specimens was a sandblast. This process consists in shoot sand grains at high pressure, 
in this case 2bar, that will remove imperfections of the surface of the specimens; see figure 
8.1. 
8.1. Tensile test: 50PSV350-15 
The first tensile test was produced with 50PSV350-15 parameters. Four specimens were 
produced in Z direction, one on each corner of the platform, figure 8.2. As there were 
differences with relative densities values depending on the layout, it could be as well 
differences with mechanical properties. In this case, only Z specimens were produced because 
Z direction is the most critical when concerning mechanical properties. One important fact of 
SLM process and all 3D printing technologies is the anisotropy of the parts. That characteristic 
leads to have different properties depending on the orientation in which the parts were printed. 
That’s the reason why only Z specimens were produced, since is the most critical direction for 
the parts. 
Fig. 8.2. Layout of the tensile test 
Fig. 8.1. Tensile test specimen after the sandblasting process 
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Figure 8.3 shows the evolution of the four tests in the graph Tensile Strength-Deformation: 
As a reminder, table 8.1 shows the parameters set 50PSV350-15, while table 8.2 shows the 
values obtained of the mechanical properties.  
Parameter 
Power 
[W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
L. Height 
[mm] 
VED 
[J/mm3] 
50PSV350-15 350 1.100 0,17 0,05 37,4 
Table 8.1. Parameters 50PSV350-15 used for producing the specimens 
Sample Legend S0 [mm2] E [GPa] Rp0.2 [MPa] Rm [MPa] Ap [%] At [%] 
BR   61,63 67,28 234,14 374,28 2,20 2,74 
BL   61,53 66,17 241,81 376,07 2,12 2,67 
FL   61,98 80,77 231,15 376,07 2,26 2,71 
FR   60,83 73,37 236,20 377,63 2,18 2,69 
Average   61,49 71,90 235,82 376,01 2,19 2,71 
Table 8.2. Mechanical properties of the specimens tested 
Fig. 8.3. Plot of Tensile Strength-Deformation for all four samples 
Tensile Strength-Deformation 
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All four samples have similar results, being 50PSV350-15 FL the one with highest elongation 
of 2,26%. Table 8.3 shows the comparison between the obtained results, SLM parameters 
and the properties of an aluminum alloy. To have a better comparison with aluminum cast 
materials, Al6061-T6 properties are shown. Al6061-T6 is a really used aluminum alloy in the 
aerospace industry, that is why its properties have been compared with the results obtained. 
Elongation is the most important issue to improve as can be seen. Normally aluminum alloys 
have more than 10%, while parts produced with SLM have much lower values.  
Mechanical data Symbol [Unit] 
SLM 
values 
Al 6061-T6 
Average 
obtained 
Ultimate Tensile Strength Rm [MPa] 397±11 285± 25 376,01 
Yield Strength Rp0.2 [MPa] 227±11 258 ± 18 235,82 
Break Strain A [%] 6±1 11 ± 2 2,19 
Young Modulus E [GPa] 64±10 75 ± 5 71,90 
Table 8.3. Comparison of mechanical properties of SLM Solutions and the results of tensile test 
8.2. Tensile test: 50PSV350-26 
In this case six specimens were produced, four Z specimens one in each corner and the other 
two XY, as can be seen in figure 8.4. Same method will be applied in this test, the only 
difference with the previous one is the parameter set used, shown in table 8.4. 
Parameter 
Power 
[W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
L. Thickness 
[mm] 
VED 
[J/mm3] 
Focus offset  
[mm] 
50PSV350-26 350 1.100 0,16 0,05 39,8 1,5 
Table 8.4. Parameters 50PSV350-26 used to produce the specimens 
After the buildup, specimens were also sandblasted to eliminate impurities on the surfaces and 
pulled following the same procedure that the previous ones. Figure 8.5 show the graph Tensile 
Strength-Deformation for the four Z specimens, while 8.6 shows the XY ones. 
 
 
 
 
  
Fig. 8.4. Layout of tensile test 
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Table 8.5 show the obtained values of the mechanical properties for those specimens. 
Tensile Strength-Deformation, Z specimens 
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Fig. 8.6. Results of tensile test specimens in Z direction 
Tensile Strength-Deformation, XY specimens 
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Fig. 8.5. Results of tensile specimens in XY direction 
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Sample Legend S0 [mm2] E [GPa] Rp0.2 [MPa] Rm [MPa] Ap [%] At [%] 
BR   66,94 63,96 266,40 366,12 1,63 2,23 
FR   66,04 69,19 270,59 400,13 2,18 2,76 
BL   65,53 66,81 273,43 361,35 1,40 1,95 
FL   64,74 70,09 277,38 393,58 1,92 2,47 
Average   65,81 67,51 271,95 380,30 1,78 2,35 
XY-1   65,66 71,22 220,48 318,73 2,09 2,55 
XY-2   65,79 67,66 220,71 314,90 2,02 2,50 
Average   65,73 69,44 220,59 316,82 2,05 2,52 
Table 8.5. Mechanical properties of Z and XY specimens 
Comparing XY specimens with Z ones, the anisotropy is clear, different properties are obtained 
depending on the buildup direction. Rp0.2, Rm and Young Modulus are lower in XY samples, but 
the elongation is higher than the Z ones. That’s mainly due to the layering in Z direction that 
influence widely in the elongation of the samples. Best elongation result is obtained with 
specimen Z-FR, however the average of all Z is still below the XY one. Table 8.6 shows the 
average of all six specimens and the comparison between them SLM Solutions values, and Al 
6061-T6. 
 
 
 
Table 8.6. Mechanical properties comparison 
Like the previous case, SLM Solutions values and cast aluminum have better mechanical 
properties than the obtained results, when it comes to elongation. 
8.3. Conclusions tensile tests 
• Anisotropy is an inevitable fact. Due to the layering in Z direction, those specimens 
show different properties than XY ones. 
• Mechanical properties are not as high as cast aluminum parts and that is a 
disadvantage of the SLM process. 
 
 
 
Mechanical data Symbol [Unit] 
SLM 
values 
Al 6061-T6 
Average 
obtained 
Ultimate Tensile Strength Rm [MPa] 397±11 285± 25 359,14 
Yield Strength Rp0.2 [MPa] 227±11 258 ± 18 254,83 
Break Strain A [%] 6±1 11 ± 2 1,87 
Young Modulus E [GPa] 64±10 75 ± 5 68,16 
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9. Project expenses 
Table 9.1 shows a resume of all the expenses within this project. To have a better overview of 
the calculations, annex B shows all the details needed for it. The final cost of the project is 
10.254,94€, being most of the expenses caused for the personal time of the involved people. 
This is not strange, since it’s a research and a lot of time had to be spent in order to do it.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 9.1. Expenses of the project 
 
Production Expenses 
Concept Specifications Total cost [€] 
Preparation Calculation and BJ preparation 3,79 
Production Machine cost 1.001,57 
Postprocessing Sandblast and cleaning the machine 122,92 
Material Powder, platform, tools, etc. 490,00 
 Total 1.618,28 
   
Testing expenses 
Concept Specifications Total cost [€] 
Metallography Machine costs 486,52 
Tensile Test Pulling costs 840,00 
Spare material Cutting discs, grounding, polishing, etc 10,68 
Reporting Computer, general equipment 1.405,74 
 Total 2.742,94 
   
Personal Time 
Concept Specifications Total cost [€] 
Research State of the art 759,75 
Production Preparation and postprocessing 539,97 
Testing Metallography and tensile tests 1.433,58 
Monitoring Meetings  1.532,37 
Reporting Thesis 1.628,04 
 Total 5.893,72 
   
Resume of expenses 
Production cost 1.618,28 
Testing cost   2.742,94 
Personal time cost 5.893,72 
Total 10.254,94 
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10. Environmental impact of SLM 
As it has been emphasized, one of the most important aspects of SLM processes, and AM in 
general, is being able to perform very complex parts that cannot be produced by other 
manufacturing processes. This ability to produce such complex structures and geometries 
opens a window for new designs more optimized when it comes to load issues, figure 10.1. 
Before 3D printing, the parts were designed to be able to produce them, but now that there is 
more freedom for design, optimized parts can be manufactured. Thanks to AM, parts can be 
optimized and reach 80% of weight reduction. This is not only a reduction of the cost of the 
part, but also a reduction in the material consumption. 
Comparing SLM with machining, the amount of waste material produced for this last one is lot 
higher. Machining manufacture the part from a cast piece by removing material from it. This 
means that the more complex the part is, the more material must be removed and more waste 
will be produced. Even if these wastes in form of chips can be recycled, it involves extra costs 
to the part. On the other hand, complexity does not affect to the waste material produced by 
SLM, since the process only uses the material needed for printing the part, not more. At the 
same time, SLM process allows to get rid of all the lubricants and oils needed for the machining 
process. The next sections describe the wastes produced by SLM process and how they are 
treated. 
 
10.1. Powder 
Despites SLM produces the part by adding new material and does not need larger amounts of 
it compared with machining, there are some wastes to take into account. While the process is 
taking place, when the laser beam strikes the powder bed, some powder is splashed due to 
Fig. 10.1. Parts with the same function, but the front one 
is optimized and produced by AM [4] 
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the high temperature reached in this point. These burnt particles are pushed to the left part of 
the chamber by the gas flow and are removed once the process is finished, figure 10.2. Since 
this powder is burnt, it can’t be used again because the next build job would have poor 
performance. This powder is kept in vessels and once there is a large amount of it, a 
specialized company picks it up to carry out the recycling process. Only aluminum parts have 
been produced for this research, but each material must be kept separated from the others. 
 
 
 
 
 
 
 
 
 
 
The remaining powder within the chamber can be reused after going through a sieving 
process. The sieving process only lets through those particles with the right size and pulls 
away the powder too large, figure 10.3. Thanks to an ultrasonic device, the sieving net vibrates 
so only the desired powder goes through to fill another bottle. This net let through particles 
smaller than 70µm, that will fill a bottle. Once the process is finished, this bottle is used to fill 
up the main tank of the machine. The undesired powder, particles bigger than 70µm, fill 
another bottle, and once is full, it is sieved again to reuse the maximum amount of powder 
possible. To have an approximation of the reused powder, the weight before and after the 
sieving process was measured for more than 100 samples. In average 99,83% of the powder 
can be reused. By sieving the undesired powder a second time, 68,57% can be reused again. 
Sieving it more than two time does not get lot of powder, being the average less than 10% of 
reusable powder. After all the sieving process, the undesired powder is kept in the same 
vessels with the burnt powder waiting to the recycling company to pick it up. 
 
When the laser beam strikes the powder 
bed, some powder is splashed 
Fig. 10.2. The splashed powder is pushed to the left part of the chamber and can’t be 
used again [4] 
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10.2. Supports 
Most of the parts produced with SLM need supports produced with the main piece to sustain 
it. Those supports are thin structures that hold the part, while are the way out for the heat 
produced when the laser beam strike the powder bed. Those structures have the only purpose 
of holding the part, therefore, once the build job is finished they are useless. Like in the case 
of the powder, those supports are kept in containers, different ones for each material, and once 
there are enough of them, the recycling company picks them up. 
10.3. Other wastes 
Powder and supports are the main wastes produced in each build job and the most important 
ones to take into account. Among the remaining residual components, the most reliable are: 
Dirty powder 
Ultrasonic 
device 
Reusable 
powder 
Fig. 10.3. Sieving station 
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• Filter: to ensure that the environment of the chamber is clean there is a filter that works 
along with the buildup process. Due to several uses those filters get dirty and must be 
changed frequently, otherwise its malfunction can cause problems in the build job. The 
extraction of the filter from its housing must be carefully done. That’s why this process 
is done together with a recycling company which provides the necessary equipment. 
• Sand: like the tensile test specimens, most of the parts produced by SLM are treated 
with a sandblast process after they are built. This process shoot small sand particles 
that eliminate imperfection over the part’s surface. After several uses these particles 
are no more useful and must be thrown away. To do so, the used sand is kept in 
vessels and transported to the recycling company like the other wastes. 
• Residual water: the residual water resulting of cleaning some components of the 
machine usually contains powder. Since there is powder dissolved with the water, it 
needs a special treatment and can’t be thrown with normal water. Like the previous 
cases this water is kept in containers waiting to the specialized company to pick it up 
and process it. 
• Gloves and glasses: note that to work with the machine, gloves, glasses and a mask 
must be worn, otherwise it could be dangerous due to the inhalation of powder or 
prolongate contact with it. All this equipment has to be taken into account as well, since 
they get really dirty when working with powder. 
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11. Conclusions 
In the beginning of this project it has been shown why AM - and more specifically SLM - is a 
really promising manufacturing process for the future, although there is still room for 
improvement. It was the aim of this research to be develop an optimization approach for this 
technology by trying to improve the parts produced with it. By changing the most important 
process parameters, the relative density of AlSi10Mg samples has been measured and the 
influence of the process parameters on density have been studied. By enhancing the relative 
density of the parts, the mechanical properties of SLM part increase. 
The difference in the relative densities values lay on the appearance of pores in the samples. 
Those pores can have different dimensions and shapes depending on what has produced 
them. The two types of pores observed are called metallographic pores and keyholes, and 
both must be avoided, since they lead to poor relative density values. Metallographic pores 
have undefined shapes and are caused by not using enough energy in the buildup process, 
therefore the powder does not melt properly. On the other hand, keyholes have spherical 
shape and are produced when too much energy than needed is used, causing the powder to 
evaporate. That’s why the selection of the right parameters set is so important, if it is not the 
correct one pores will appear and, therefore relative density will decrease. 
As expected, it has been proved that power and scanning speed have a close relation and 
must be carefully chosen to have the highest relative density. For each power value, the shape 
of the curve is different, as well the scanning speed value that reaches the peak of it, the point 
of maximum value. Highest relative density with values around 99,60% are obtained with 
similar values of VED -between 30 and 40J/mm3- for all given power values. This fact leads to 
the necessity of increasing the speed if the power is increased as well, and vice versa.  For 
power values of 150W, even if the scanning speed is reduced considerably, no high values of 
relative density can be reached being the highest obtained value of 96,69%. 
The layout on the platform has a bigger influence on the part performance than expected. Even 
if the same process parameters are used, different relative density value were obtained 
depending on the position of the part. In average, difference on relative density value were 
around 0,20%, however in the worst case this difference has a value of 1,50%. The effect is 
clear however, in this research the cause of this effect has not been studied. The main 
hypothesis for the reason of this effect are the influence of the gas flow of the chamber and 
the time of the laser exposure. As explained, these are just conjectures, there are no scientific 
evidences of the cause of this fact. Nevertheless, the effect has been clearly observed and it 
must be considered when it comes to programming the build job. 
Concerning the hatching distance – the space between laser tracks - the larger its value is, the 
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faster the build job will be produced and the higher the build rate will be. However, when 
hatching distances higher than 0,17mm were applied, relative density drastically decrease. On 
the other hand, it was expected that having a small hatching distance would lead to a decrease 
of the part’s quality, since high values of VED were used. But, despite having small hatching 
distances, relative density values are always close to 99,6%. LED seems to be the reason of 
this fact. By changing hatching distance, LED remain constant, therefore keyholes didn’t 
appear and the relative density remain the same as well. 
Focus offset has a direct influence on the intensity, the amount of power per surface, sent to 
the powder bed. The spot size will be larger further away from the focus is the working spot 
and therefore more powder will be stroke by the laser beam. As it has been shown, larger spot 
sizes don’t properly melt the powder and lead to a poor relative density value below 98%. 
Offset values between -2 and 2mm should be used in order to maintain relative density values 
higher than 99,5%.  
Along all this project, several advantages of the SLM technology have been presented. Despite 
all its strengths, such as being a faster process or clean with the environment, mechanical 
properties have room for improvement. This is a well-known fact and has been also shown in 
this research. Despite all the benefits that the SLM provides, cast aluminum parts have higher 
elongation, usually higher than 10%, if compared with SLM parts. The best obtained result only 
achieves 2,26% elongation, while SLM Solutions provide a 6% elongation. In order to 
compensate this leak of elongation, parts can be heat treated, however it is still a challenge to 
improve the elongation as printed. On the other hand, ultimate tensile strength of SLM parts 
seems to have comparable values with cast aluminum. Obtained ultimate tensile strength 
results with values around 360MPa are higher than the cast aluminum value of 285MPa, but 
they still do not reach SLM Solutions value of 397MPa. So, seems clear that more investigation 
in this field has to be made in order to enhance even more mechanical properties of SLM parts. 
Besides having a better understanding of the behavior of the relative density against changes 
on the parameters, this project also shows an effective proceeding to find the best process 
parameters. By following the described steps, the parameters that reach the best relative 
density can be found. Since the range of materials being produced by SLM process is getting 
widely, having an established procedure to reach a high relative density it is really important 
for future materials. This has an immense value because the parameters not only depend on 
the material, in this case AlSi10Mg, but also on all other, not so evident factors, that can’t be 
controlled. Therefore, with the knowledge of the material’s characteristics and following the 
described procedure, the parameters to reach the highest relative density can be found. 
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1. Annex A: extra tests 
Besides the test shown in the memory, more tests were carried out, but they were not 
conclusive enough, therefore they were not shown in the main memory of this research. A 
summary of these tests is shown in the following sections. 
1.1. Fine curve test 
The aim of this test was to have a more define curve of the peak of maximum relative density 
with 350W power and 1.100mm/s scanning speed. The parameters tested are shown in the 
table 1.1, while figure 1.1 shows the layout of the test. 
Parameter Power [W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
L. Thickness 
[mm] 
VED 
[J/mm3] 
50PSV350-15 350 1.100 0,17 0,05 37,4 
50PSV350-15.1 350 1.150 0,17 0,05 35,8 
50PSV350-16 350 1.200 0,17 0,05 34,3 
50PSV350-16.1 350 1.250 0,17 0,05 32,9 
50PSV350-17 350 1.300 0,17 0,05 31,7 
50PSV350-17.1 350 1.350 0,17 0,05 30,5 
50PSV350-18 350 1.400 0,17 0,05 29,4 
Table 1.1. Parameters tested in fine curve test 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. Layout of fine curve test 
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The results obtained are shown on table 1.2 while figure 1.2 shows the plot of them. 
Parameter S. Speed [mm/s] VED [J/mm3] R. Density [%] 
50PSV350-15 1100 37,43 99,79 
50PSV350-15.1 1150 35,81 99,84 
50PSV350-16 1200 34,31 99,89 
50PSV350-16.1 1250 32,94 99,84 
50PSV350-17 1300 31,67 99,88 
50PSV350-17.1 1350 30,50 99,92 
50PSV350-18 1400 29,41 99,63 
Table 1.2. Results obtained on the test 
 
 
 
 
 
 
 
 
 
1.2. Hatching test 
The aim of this test was to study the hatching distance’s influence on the relative density. 
Parameter 
Power 
[W] 
S. Speed 
[mm/s] 
H. Distance 
[mm] 
L. Thickness 
[mm] 
VED 
[J/mm3] 
50PSV350-20 350 1.100 0,1 0,05 63,6 
50PSV350-21 350 1.100 0,11 0,05 57,9 
50PSV350-22 350 1.100 0,12 0,05 53,0 
50PSV350-23 350 1.100 0,13 0,05 49,0 
50PSV350-24 350 1.100 0,14 0,05 45,5 
50PSV350-25 350 1.100 0,15 0,05 42,4 
50PSV350-26 350 1.100 0,16 0,05 39,8 
50PSV350-27 350 1.100 0,17 0,05 37,4 
50PSV350-28 350 1.100 0,18 0,05 35,4 
50PSV350-29 350 1.100 0,19 0,05 33,5 
Table 1.3. Parameters tested 
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Fig. 1.2. Plot of the results for the test 
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Table 1.3 shows the parameters used, while figure 1.3 shows the layout of the test. The 
results obtained in it are shown in table 1.4 and plotted in figure 1.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Parameter H. Distance [mm] VED [J/mm3] R. Density [%] 
50PSV350-20 0,1 63,64 99,92 
50PSV350-21 0,11 57,85 99,97 
50PSV350-22 0,12 53,03 99,91 
50PSV350-23 0,13 48,95 99,91 
50PSV350-24 0,14 45,45 99,68 
50PSV350-25 0,15 42,42 99,92 
50PSV350-26 0,16 39,77 99,97 
50PSV350-27 0,17 37,43 99,93 
50PSV350-28 0,18 35,35 99,82 
50PSV350-29 0,19 33,49 99,91 
Table 1.4. Results obtained in the test 
 
 
  
Fig. 1.3. Layout of hatching distance test 
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Fig. 1.4. Plot of the results obtained 
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1.3. Tensile test 
There was also another tensile test produced, but due to a machine stop while the buildup 
process, caused for not having enough powder for the build job. Due to this stop, a line within 
the part appeare causing all the specimens to break in this area, see figure 1.5. Since the stop 
caused defect on the specimens, their results were not takien in account. Figure 1.6 show the 
results of the pulling of these parts. 
 
 
 
 
 
  
Fig. 1.5. Line produced by the machine stop 
Fig. 1.6. Result of pulling the specimens, note that the curves are moved 
from the origin 
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2. Annex B: expenses 
In this section, all the expenses of this project and how they have been calculated are shown. 
2.1. Production expenses 
The first expenses to explain are those machine and material costs related with the production 
of the samples. First, the cost per hour of the equipment and machines used are calculated, 
table 3.1. In this case, all of these components are working the whole year, 365 days, and the 
average usage per day is estimated to calculate the cost per hour of each. 
 
 
 
 
Table 2.1. Calculation of the cost per hour of the used equipment 
The production expenses are classified in: preparation, buildup, postprocessing and materials. 
The preparation expenses take into account the calculation of the parameters to use and the 
creation of the file. Note that the cost per hour considers the computer and the software, so 
has a value of 0,28€/h. 
Test 
Calculation 
[h] 
Preparation 
[h] 
Total time 
[h] 
 Total Cost 
[€] 
Power-Scanning speed 1 2 3 0,82 
Scanning speed 0 1 1 0,27 
Fine curve 0 1 1 0,27 
Hatching distance 0,25 1 1,25 0,34 
Hatching distance 2 0,25 1,5 1,75 0,48 
Tensile 1 0 1 1 0,27 
Hatching distance 3 0,25 1 1,25 0,34 
Tensile 2 0 1 1 0,27 
Focus offset 0,5 1 1,5 0,41 
Tensile 3 0 1 1 0,27 
 
 Total 13,75 3,77 
Table 2.2. Preparation expenses 
Buildup expenses take into account the cost of the SLM machine while it is working, from when 
it is being prepared till the build job is finished. Table 3.3 shows the buildup expenses. 
Use Specifications 
Total price 
[€] 
Use per day 
[%] 
Use time 
[h/year] 
Life 
[years] 
Cost 
[€/h] 
Redaction and 
preparation 
Computer 1.200 100 8.760 3 0,05 
Production parts SLM 280HL 640.000 100 8.760 7 10,44 
Software 
Materialise 
Magics 
2.000 100 8.760 1 0,23 
Cleaning Vacuum  1.200 10 876 3 0,46 
Sandblast 
Sandblast 
machine 
2.500 10 876 7 0,41 
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Table 2.3. Buildup expenses 
Post processing expenses, shown in table 3.4, consider the costs of removing the build job, 
process it, if necessary, and clean the machine till it is ready another time. Note that different 
costs per hour were used for removal, cleaning and sandblasting, those ones are 10,44€/h, 
0,46€/h and 0,41€/h respectively.  
Test 
Removal 
[h] 
Cleaning 
[h] 
Sandblasting 
[h] 
Total time 
[h] 
Total cost 
[€] 
Power-Scanning speed 1 0,5 0 1,5 10,67 
Scanning speed 1 0,5 0 1,5 10,67 
Fine curve 1 0,5 0 1,5 10,67 
Hatching distance 1 0,5 0 1,5 10,67 
Hatching distance 2 1 0,5 0 1,5 10,67 
Tensile 1 1,5 0,5 0,5 2,5 16,09 
Hatching distance 3 1 0,5 0 1,5 10,67 
Tensile 2 1,5 0,5 0,5 2,5 16,09 
Focus offset 1 0,5 0 1,5 10,67 
Tensile 3 1,5 0,5 0,5 2,5 16,09 
 
  Total 18,00 122,92 
Table 2.4. Postprocessing expenses 
The other expenses for the production are those ones related with the material used necessary 
to operate with the machine such as powder, the platform, protection and tools.  
Use Specifications 
Price 
[€/unt] 
Units 
Total 
cost [€] 
Cleaning Ethanol (liters) 60 1 60 
Prep. /Post 
proc. 
General tools 120 1 120,00 
Protection Plastic gloves 0,12 50 6,00 
Protection Thermal gloves 34 1 34,00 
Protection Shoes 56 1 56,00 
Protection Mask 24 1 24,00 
Protection Glasses 10 1 10,00 
Production Powder testcubes (kg) 64 0,49 31,36 
              specimens (kg)  0,76 48,64 
Production Platform 100 1 100,00 
  
 Total 490,00 
Table 2.5. Material expenses 
Test 
Preparation 
[h] 
Heating 
[h] 
Buildup 
[h] 
Sieving 
[h] 
Total time 
[h] 
Total cost 
[€] 
Power-Scanning speed 0,5 1,5 5,74 0 7,74 80,78 
Scanning speed 0,5 1,5 1,96 0 3,96 41,33 
Fine curve 0,5 1,5 1,33 0 3,33 34,76 
Hatching distance 0,5 1,5 1,56 0 3,56 37,19 
Hatching distance 2 1,5 1,5 3,73 0 6,73 70,28 
Tensile 1 1 1,5 16,80 1 20,30 211,87 
Hatching distance 3 0,5 1,5 1,68 0 3,68 38,41 
Tensile 2 1 1,5 16,80 1 20,30 211,87 
Focus offset 1,5 1,5 1,75 0 4,75 49,58 
Tensile 3 1 1,5 18,11 1 21,61 225,51 
    Total 95,96 1.001,57 
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2.2. Testing expenses 
Like the equipment for producing the parts, the costs of all the devices and machines used for 
the metallography analyze have been taken in account, table 3.6. Note that, since the prices 
were in CHF not in €, the conversion was carried out with a factor of 1,06CHF/€. 
Use Specifications 
Price 
[€/unt] 
Life 
[years] 
Use time 
[h/year] 
Cost 
 [€/h] 
Metallurgical saw Struers, Discotom-2 1.886,8 10 1436 0,13 
Embedding Press Struers, LaboPress-3 1.281,13 10 1436 0,09 
Grounding Presi, Mecapol P230 14.150,94 10 1436 0,99 
Polishing Struers, Tegramin-25 28.301,89 10 1436 1,97 
Ultrasonic bath Bandelin Sonorex 324,90 10 1436 0,02 
Microscopy Nikon, Eclipse LV150 13.207,55 10 1.436 0,92 
Computer HP 1.200,00 3 8.760 0,05 
Laboratory     4,12 
Table 2.6. Calculation of the cost per hour of the testing equipment 
The testing expenses are divided in: metallography, tensile test, report and material. 
Metallography expenses are the cost by using all the equipment of the laboratory, table 3.7. 
Meanwhile, since tensile test were carried out for BFH the cost is related with the amount of 
specimens pulled, each one with a price of 60€, table 3.8. 
 
Test 
Metallography  
[h] 
Total Cost 
[€] 
Power-Scanning speed 23,83 98,20 
Scanning speed 21,67 89,27 
Fine curve 7,58 31,24 
Hatching distance 10,83 44,63 
Hatching distance 2 34,67 142,83 
Hatching distance 3 8,67 35,71 
Focus offset 10,83 44,63 
Total  118,08 486,52 
 Table 2.7. Metallography expenses 
Test Pulled specimens 
Pulling cost 
[€/unt] 
Cost 
[€] 
Tensile test 1 4 60 240 
Tensile test 2 4 60 240 
Tensile test 3 6 60 360 
 
 Total 840 
Table 2.8. Tensile test expenses 
The report expenses consider the usage of the computer while compiling all the results of the 
test. Also, is taken into account the time expend for redaction all the memory of the thesis. 
Table 3.9. 
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Test 
Report 
[h] 
Total Cost 
[€] 
Power-Scanning speed 2 0,09 
Scanning speed 1 0,05 
Fine curve 1 0,05 
Hatching distance 1 0,05 
Hatching distance 2 2,5 0,11 
Tensile 1 1 0,05 
Hatching distance 3 1,5 0,07 
Tensile 2 1,5 0,07 
Focus offset 1,5 0,07 
Tensile 3 1 0,05 
Thesis and research 220 10,05 
Total  164 10,68 
Table 2.9. Report expenses 
Like in the production expenses, the material used in all the tests is also considered such as 
the polishing discs, embedding material and lubricants, table 3.10. 
Use Specifications 
Unit price 
[€/unt] Used units 
Total Cost 
[€] 
Cut Disc (unt) Type T Ø250x1,6x32mm 24,53 4,00 98,11 
Embedding powder (kg) Resin KM-U (D20) 107,55 1,00 107,55 
Grounding paper (unt) Type M Ø300 P320 1,34 16,00 21,43 
Grounding paper (unt) Type M Ø300 P600 1,34 12,00 16,08 
Grounding paper (unt) Type M Ø300 P1200 1,34 6,00 8,04 
Polishing discs (unt) Auto adhesive Ø300 6µm 128,30 2,00 256,60 
Polishing discs (unt) Auto adhesive Ø300 3µm 128,30 1,00 128,30 
Polishing discs (unt) Auto adhesive Ø300 1µm 128,30 2,00 256,60 
Polishing lubricants (liter) Diamond suspension 6µ 307,55 0,50 153,77 
Polishing lubricants (liter) Diamond suspension 3µ 281,13 0,50 140,57 
Polishing lubricants (liter) Diamond suspension 1µ 277,36 0,50 138,68 
Protection Gloves 0,50 40,00 20,00 
Cleaning the samples Ethanol (liters) 60,00 1,00 60,00 
   Total 1.405,74 
Table 2.10. Material expenses 
2.3. Personal time 
The las costs taken into account are those ones related with the cost of the people involved in 
this research. Mostly three people were involved, the author, the thesis director and the tutor 
from ProtoShape.  Their cost hours are approximated with values of 10,85€/h, 21,88€/h and 
27,13€/h. As in the previous calculations, the personal time is divided in groups: production, 
testing, monitoring and research. The production expenses consider all the time involved, 
needed to produce the samples and specimens, table 3.11. 
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Table 2.11. Production time expenses 
Table 3.12 shows the expenses of the personal time used for metallography and tensile 
testing. 
Test 
Metallography 
[h] 
Reporting 
[h] 
Total time 
[h] 
Total Cost 
[€/h] 
Power-Scanning speed 23,83 2,00 25,83 280,39 
Scanning speed 21,67 1,00 22,67 246,02 
Fine curve 7,58 1,00 8,58 93,16 
Hatching distance 10,83 1,00 11,83 128,43 
Hatching distance 2 34,67 2,50 37,17 403,39 
Tensile 1 0,00 1,00 1,00 10,85 
Hatching distance 3 8,67 1,50 10,17 110,35 
Tensile 2 0,00 1,00 1,00 10,85 
Focus offset 10,83 1,50 12,33 133,86 
Tensile 3 0,00 1,50 1,50 16,28 
 
 Total 132,08 1.433,58 
Table 2.12. Testing time expenses 
The last expenses to take into account are the monitoring time of the director and the tutor, 
and the redaction and research time expend for this research, tables 3.13 and 3.14 show these 
expenses. Note that the cost of the different meeting varies according to the people that 
participate in it. 
People 
involved 
Meeting timeframe 
[h] Number meetings 
Total time 
[h] 
Cost meeting 
[€/h] 
Total Cost 
[€] 
Tutor 1 30 30 37,99 1.139,63 
Thesis director 3 4 12 32,73 392,74 
    Total 1.532,37 
Table 2.13. Monitoring time expenses 
Specification Time [h] Cost [€] 
State of the art 70 759,75 
Thesis redaction 150 1.628,04 
Total 220 2.387,80 
Table 2.14. Research time expenses 
Test 
Calc. 
[h] 
BJ Prep. 
[h] 
Mach. prep. 
[h] 
Sieving 
[h] 
Rem. 
[h] 
Post. 
[h] 
Clean. 
[h] 
Total 
[h] 
Total cost 
[€] 
Power-S. speed 1 2 0,5 1 0,5 0 0,5 5,50 59,69 
S. speed 0 1 0,5 1 0,5 0 0,5 3,50 37,99 
Fine curve 0 1 0,5 1 0,5 0 0,5 3,50 37,99 
H. distance 1 0,25 1 0,5 1 0,5 0 0,5 3,75 40,70 
H. distance 2 0,25 1,5 1,5 1 0,5 0 0,5 5,25 56,98 
Tensile 1 0 1 1 2,5 1 0,5 0,5 6,50 70,55 
H. distance 3 0,25 1 0,5 1 0,5 0 0,5 3,75 40,70 
Tensile 2 0 1 1 2,5 1 0,5 0,5 6,50 70,55 
Focus offset 0,5 1 1,5 1 0,5 0 0,5 5,00 54,27 
Tensile 3 0 1 1 2,5 1 0,5 0,5 6,50 70,55 
 
      Total 49,75 539,97 
